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1 MOTIVATION 
In the last decades, the energy consumption of the world has been dramatically enlarged, owing to increased 
globalization and the economic growth. Thus, new renewable energy sources have been developed to overcome 
this drawback. In recent years, biomass, which is one of the most widespread renewable energy sources, promises 
to satisfy this demand. Biomass is also utilized as a sustainable resource to be situated for some valuable chemicals 
as well as biofuels and biopolymer intermediates. Conversion of biomass can be accomplished by catalytic 
processes in which enzymes play a key role as biocatalysts. Contrary to the side effects of many physical and 
chemical processes in industry, biocatalysis has been preferred due to their inhibition of the environmental 
pollution.  
Contrary to chemical catalysts, enzymes are used under mild conditions due to their proverbial sensibility and 
limited operational stability. These features of enzymes cause some challenges in recovery and reusability for a 
given industrial application. In order to enhance stability of enzymes-based catalysts, immobilization techniques 
were improved. Besides, many scientists investigate with a great interest the most effective way to obtain 
maximized exposure of enzyme’s active site in the biocatalytic reaction mixture, with an obvious impact in the 
catalyst activity. 
A suitable strategy for the above described issue is usually to be benefit from a porous support, which should 
provide suitable binding sites for enzymes in active conformation, and/or allow encapsulation of enzymes, whilst 
minimizing enzyme leakage and deactivation. Additionally, the characteristics of a carrier utilized in 
immobilization of enzyme have to be well-considered including its permeability, surface area, hydrophilic 
character, insolubility, mechanical and thermal stability. While keeping in mind of the above-described properties, 
it is not a surprise that inorganic porous materials are commonly preferred due to their cage-like configurations, 
which allow the constructions of suitable microenvironments for enzymes. Inorganic porous materials present very 
interesting features, such as tunable pore size and shape, high specific surface area, high chemical and structural 
stability, and a variety of chemical functionalities, which can be used as anchoring sites for hosted enzymes. They 
also possess many advantages, such as increasing enzyme stability, protecting enzymes from harsh reaction 
conditions, having ability of tailored-cages construction for different enzyme sizes, etc. 
In this thesis, several different inorganic porous supports were used for enzyme immobilization. These are gradient 
macroporous stainless steel discs (GMSDs), gradient nanoporous ceramic discs (GNCDs), microporous zeolites, 
metal organic frameworks (MOFs), and silica-based nanoparticles (SiO2). In addition to that, several chemical 
catalysts were employed in biomass conversion. Hierarchical nanosheet zeolites, zeolitic imidazolate frameworks 
(ZIFs) as well as zinc oxide (ZnO) were tested in isomerization of monosaccharides.  
From the point of biomass type, starch became prominent in this thesis since it is a kind of primary biomass which 
appears abundantly in nature. This polysaccharide is constructed from glucose units linked with each other via 
glycosidic bonds and highly exploited in numerous applications in industry. There are several enzymes available 
for converting starch molecules. Here, we used α-amylase (and thermostable α-amylase) and ß-amylase to 
hydrolyze the starch to glucose. Additionally, α-glucosidase to hydrolyze maltose to glucose, invertase to 
hydrolyze sucrose to glucose and fructose and glucose oxidase to oxidase β-D-glucose to D-glucono-δ-lactone 
were employed. 
 
 
8 
 
Alongside of the carbohydrate enzymes, lipases are also commonly used in many industrial applications. In this 
thesis, lipase from Thermomyces lanuginosus to perform transesterification of vinyl propionate (VP) with 1-
butanol as well as lipase from Aspergillus niger to hydrolase p-nitrophenyl palmitate to p-nitrophenol were tested. 
The specificity of an enzyme, the versatile activation of a chemical catalyst and the utility of inorganic porous 
materials in immobilization of enzymes allow several different designs for process engineering. Consequently, 
combining of biocatalysts and inorganic porous materials in order to achieve much more efficient reaction 
mechanisms is mainly focused on in this thesis. 
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MOTIVATION                               
In den letzten Jahrzehnten wurde ein großer Teil des Energiebedarfs durch die Globalisierung und das 
Wirtschaftswachstum in der Welt dramatisch vergrößert. Hier wurden neue Energiequellen entdeckt und 
entwickelt, um diesen Nachteil zu überwinden. In den letzten Jahren verspricht Biomasse, welche eine der am 
weitesten verbreiteten erneuerbaren Energiequellen ist, diese Nachfrage zu übersteigen. Biomasse wird als eine 
nachhaltige Ressource genutzt, um bei der Herstellung einiger wertvoller Chemikalien sowie von Biokraftstoffen 
und Biopolymerzwischenprodukten beteiligt zu sein. Die Umwandlung von Biomasse kann über viele biologische 
Vorgänge erreicht werden, bei denen einige Enzyme eine Schlüsselrolle als Biokatalysator sowie einige 
physikalische und chemische Anwendungen spielen. Im Gegensatz zu den physikalischen und chemischen 
Prozessen wurde die Biokatalyse wegen ihrer Hemmung der Umweltverschmutzung, die aus den Nebenwirkungen 
vieler physikalischer und chemischer Prozesse in der Industrie resultiert, bevorzugt. 
Im Gegensatz zu den chemischen Katalysatoren werden Enzyme aufgrund ihrer sprichwörtlichen Empfindlichkeit 
und ihres begrenzten Stabilitätsbereichs unter milden Bedingungen verwendet. Dies weist auf einige zusätzliche 
Herausforderungen hin, die zu den bereits wichtigen Problemen der Wiederherstellung und Wiederverwendbarkeit 
für eine bestimmte industrielle Anwendung beitragen. Um die Aktivitätsleistung von Enzymen für eine längere 
Nutzung zu verbessern, wurden einige Immobilisierungsstrategien als besonders erfolgreich befunden. Sie wurden 
verbessert, um den effektivsten Weg zu untersuchen, um eine maximale Exposition des aktiven Zentrums des 
Enzyms in dem heterogenen Katalysator gegenüber der Reaktionsmischung zu erreichen, mit einem 
offensichtlichen Einfluss auf die Katalysatoraktivität. 
Eine geeignete Strategie für das oben beschriebene Problem ist gewöhnlich, von einem porösen Träger zu 
profitieren, der die Bindungsstellen für das Enzym bereitstellen sollte, um in einer aktiven Konformation zu 
bleiben, während eine ausreichend starke Bindung sichergestellt wird, um das Austreten und die Deaktivierung 
von Enzymen zu minimieren. Zusätzlich müssen die Eigenschaften eines Trägers, der bei der 
Enzymimmobilisierung verwendet wird, gut durchdacht werden, einschließlich seiner Permeabilität, Oberfläche, 
hydrophilen Eigenschaft, Löslichkeit, mechanischen und thermischen Stabilität. Unter Berücksichtigung der oben 
beschriebenen Eigenschaften ist es nicht überraschend, dass anorganische poröse Materialien aufgrund ihrer 
Konfigurationen, die den Aufbau geeigneter Mikroumgebungen für Enzyme erlauben, üblicherweise bevorzugt 
sind. Die anorganischen porösen Materialien zeigen sehr interessante Eigenschaften, wie einstellbare Porengröße 
und -form, hohe spezifische Oberfläche, hohe chemische und strukturelle Stabilität und eine Vielzahl von 
chemischen Funktionalitäten, die als Verankerungsstellen für gehärtete Enzyme verwendet werden können. Sie 
zeigen auch viele Vorteile, wie die Erhöhung der Enzymstabilität, den Schutz vor rauen Reaktionsbedingungen, 
die Fähigkeit der Konstruktion maßgeschneiderter Käfige für verschiedene Enzymgrößen usw. 
In unserer Arbeit wurden mehrere verschiedene anorganische poröse Träger zur Enzymimmobilisierung 
verwendet. Dies sind Gradienten makroporöse Edelstahlscheiben (GMSDs), Gradienten nanoporöse 
Keramikscheiben (GNCDs), mikroporöse Zeolithe, Metall-organische Gerüste (MOFs) und Silica-basierte 
Nanopartikel (SiO2). Darüber hinaus wurden mehrere chemische Katalysatoren in der Biomasseumwandlung 
eingesetzt. Die hierarchischen Nanoblatt-Zeolithe, Zeolith-Imidazolat-Gerüste (ZIFs) sowie Zinkoxid (ZnO) 
wurden für die Isomerisierung von Monosacchariden eingesetzt. Vom Standpunkt des Biomassetyps wurde Stärke 
für diese These ausschlaggebend, da es eine Art primäre Biomasse ist, die reichlich in der Natur vorkommt. Dieses 
Polysaccharid ist aus Glukoseeinheiten aufgebaut, die über glykosidische Bindungen miteinander verbunden sind 
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und in zahlreichen industriellen Anwendungen eine hohe Kapitalisierung aufweisen. Zur Umwandlung von 
Stärkemolekülen stehen verschiedene Enzyme zur Verfügung. Hier verwendeten wir α-Amylase (und 
thermostabile α-Amylase) und β-Amylase, um die Stärke zu Glucose zu hydrolysieren. Außerdem wurden α-
Glucosidase zur Hydrolyse von Maltose zu Glucose, Invertase zur Hydrolyse von Saccharose zu Glucose und 
Fructose und Glucoseoxidase zu Oxidase β-D-Glucose zu D-Glucono-δ-lacton erreicht. 
Neben den Kohlenhydrat-Enzymen werden Lipasen auch häufig in vielen industriellen Prozessen verwendet. In 
dieser Arbeit wurde Lipase aus Thermomyces lanuginosus verwendet, um eine Umesterung von Vinylpropionat 
(VP) mit 1-Butanol durchzuführen, zusätzlich Lipase von Aspergillus niger, um p-Nitrophenylpalmitat zu p-
Nitrophenol zu hydrolysieren. Die Kombination von chemischer Katalyse und Biokatalyse konzentriert sich daher 
hauptsächlich auf die Verbindung zwischen der Spezifität eines Enzyms und der vielseitigen Aktivierung eines 
chemischen Katalysators. 
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2 FUNDAMENTALS AND STATE OF THE ART 
2.1  ENZYMES 
Enzymes are biocatalysts which are involved in the biochemical reactions in living organisms [1]. Most of them 
have protein structure with one or more active sites and correlatively, work under mild conditions. The active site 
is the special region (like hole or cavity) of the enzyme, which is able to bind the substrate and transforms it to the 
product [2]. Enzymes have ability to catalyze of substrate to product and the reaction rate depends on the amount 
of substrate consumed or the product formed per unit (d[P]/dt, or d[S]/dt) [2].  
Enzymes can be extracted from cells and applied for many commercial processes for the production of food, drugs, 
detergents, paint, paper, etc. The “enzyme” word was first described by German physiologist Wilhelm Kühne in 
1878 to refer to the ability of yeast to produce alcohol from sugars. Etymologically, it derives from the Greek 
words “en” (meaning ‘within’) and “zume” (meaning ‘yeast’). In last decades, enzymes have attracted interest in 
many scientific fields as well as in industry, especially, to discover the most efficient processes for their extraction, 
characterization and commercial application [1]. 
2.2 CLASSIFICATION OF ENZYMES 
Each enzyme has one unique systematic name, which refers to both the substrate acted on and type of reaction 
catalyzed.  In addition, one working name, often called trivial name, is used [3]. Nevertheless, some trivial names 
are not well-descriptive for enzymes [1]. In order to overcome this issue, the International Union of Biochemistry 
established the “International Commission on Enzymes” in 1956 within IUPAC.  The first methodology of enzyme 
classification was published by this Enzyme Commission (EC) in 1961 and is regularly updated [3]. This 
systematic method prevented the inconsistency in the nomenclature of enzyme, thus ensuring a precise 
identification of the enzyme [1]. The systematic names have an associated four-number code which is prefixed by 
EC. The first digit indicates the type of reaction which is catalyzed by the enzyme and this number refers to the 
main class the enzyme belongs to.  The next two digits indicate the subclass and sub-subclass of reaction, 
respectively. And the fourth digit indicates the serial number of the enzyme in its sub-subclass [3,4]. While 
identifying an original enzyme, its trivial name and systematic name with the associated code number must be 
specified [3]. 
2.3 ENZYME KINETICS 
2.3.1 Techniques to Follow Enzyme-catalyzed Reactions 
Qualitative analysis of enzyme activity can be achieved by using a colored compound, which is indicative for the 
occurrence or non-occurrence of enzyme activity. However, this procedure is not sufficiently accurate whereas 
quantitative spectroscopic analysis is required for achieving precise and reproducible data. Fluorimetry is another 
optical method which ensures the determination of substrates or products emitting fluorescence. This method is 
more sensitive than absorbance measurements, nevertheless, there are only very few biological compounds, such 
as NADH, which can emit fluorescence. Circular Dichroism (CD) and Optical Rotatory Dispersion (ORD) 
techniques are also valuable methods stipulating the observation of only asymmetric compounds, such as 
carbohydrates. Additionally, turbidimetry to detect the degradation of bio-particles by enzymes and luminometry, 
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to observe ATP dependent reactions, are alternative techniques. In the case of pH change with proceeding reaction, 
a pH meter allows to observe the progress of the reaction to detect the activity of enzyme [5].  
2.3.2 Factors Effecting Enzyme Kinetics 
2.3.2.1 pH of the Reaction Mixture 
It is necessary to keep the pH value under control during the enzyme assay since the active site of the enzyme are 
easily influenced by differences in pH. The activity versus pH curve is typically bell-shaped which increases from 
zero in the strong acidic region to the optimal pH value, in which the maximal activity is observed, and then 
decreases to zero again in the strong alkaline region (Figure 1a) [5]. 
 
2.3.2.2 Solvent  
The preferred solvent for biocatalysis is pure water, whereas, in some cases, the use of apolar organic solvents, 
such as hexane might be preferred. However, it has to be considered that organic solvents may result in the 
irreversible denaturation of enzymes [5]. 
2.3.2.3 Buffers and Ionic Strength 
Buffers which are derived from a weak acid and a corresponding strong base are employed for the adjustment and 
maintaining of the desired pH value during the enzymatic reaction. Not only buffer but also the ionic strength of 
the reaction solution should be adjusted [5]. 
2.3.2.4 Temperature  
Similar to the activity vs. pH curve, the reaction rate increases with rising temperature rises until a maximum 
temperature, and then decreases again (Figure 1b). The maximum temperature is also called the optimum 
temperature. However, it has to be taken into consideration that the denaturation of three-dimensional structure of 
the enzyme depends on not only the reaction temperature, but also the time of the enzyme incubation at that 
temperature. Hence, the maximum rate cannot be fixed at a certain temperature [5]. 
 
 
Figure 1: a. Enzyme activity curve as a function of pH. The pH value at the point of maximum activity is the 
optimum pH; b. Enzyme activity curve as a function of temperature [5]. 
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2.3.2.5 Concentration of Substrate and Enzyme 
In order to optimize the amounts of substrate and enzyme, their purity and stability have to be considered carefully 
to keep the standard conditions of the reaction. Besides, if necessary, the amounts of the co-substrates, co-enzymes 
or co-factors have to be optimized [5].   
When the initial reaction conditions are set up, the reaction rate changes depending on the concentration of 
substrate and enzyme, which is described in Michaelis-Menten kinetic model [6]. This model demonstrates the 
kinetics of an enzyme reaction. It includes initially an enzyme (E) and a substrate (S) to form an enzyme-substrate 
complex (ES) by the interaction of substrate with the active site of the enzyme. Thereafter, a product and the free 
enzyme are released by the decomposition of ES (see the following reaction scheme).  
 
 
 
Where kf, kr and kcat are respectively forward, reverse and catalytic rate constants.  
In order to understand the binding affinity, Km and Vmax values can be calculated by using the hyperbolic saturation 
curve [𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑣) =
𝑑[𝑃]
𝑑𝑡
 =
𝑉𝑚𝑎𝑥[S]
𝐾𝑀+[𝑆]
]. Km value (Michaelis constant) indicates the substrate concentration at the 
half of the maximum velocity (Vmax), (Figure 2) [5].  
 
Figure 2: Saturation according to Michaelis-Menten kinetics equation [5]. 
However, the increase of enzyme amount results in the linear rise of the reaction rate [5].  
2.3.2.6 Turnover Number (TON) 
When the required values for each reaction parameter (such as substrate saturation, optimum pH, temperature, and 
ionic strength) for the optimal enzyme activity are obtained in a bioprocess, the maximum velocity are used to 
determine the enzyme activity [5]. The turnover number (kcat, catalytic constant) of the enzyme can be derived 
from Vmax, by division of Vmax by the total concentration of enzyme (Vmax/Et) [2].  In other words, the TON refers 
to the number of moles of product formed per mole of catalyst typically per second or hour [7].  
2.3.2.7 Enzyme Units 
The activity of a given enzyme preparation is commonly denoted as enzyme unit (U) which relates to the substrate 
consumed (µmol) or the product formed (µmol) per minute. According to the International System of Units (SI), 
one katal (1 kat) refers to the amount of enzyme converting 1 mol substrate (or forming 1 mol product) per second 
(1 kat = 60.000.000 U). Some parameters related to enzyme kinetics were summarized in Table 1. 
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Table 1: Collection of parameters used in enzymatic catalysis [5]. 
Name Definition Notation Dimension 
Activity Units Amount of enzyme for converting 1 µmol 
substrate per min 
International 
Unit (U) 
µmol/min 
Volumetric Activity Enzyme Units per volume unit U/volume U/ml 
Specific Activity Enzyme Units per mg protein U/protein U/mg 
Enzyme Velocity Turnover number per time unit v µmol/min 
Maximum Velocity Turnover number per time unit at the 
saturated substrate concentration under 
standard conditions 
Vmax µmol/min 
Turnover Number Maximum velocity divided by the enzyme 
concentration 
kcat s-1 
Michaelis Constant Substrate concentration at half of the 
maximum velocity 
Km M 
2.4 INDUSTRIAL USES OF ENZYMES 
Enzymes have been used in industry for more than a century. At present, enzymes have rather importance for 
sustainable green chemistry [8]. Compared to conventional chemical catalysts, enzymes are mostly active at 
moderate temperatures (20 - 80 °C) with a very high substrate specificity and catalytic efficiency [9,10]. However, 
certain enzymes show very high activity also under more extreme temperature conditions between 0 and 130 °C 
[9]. On the other hand, enzymes demonstrate high turnover numbers and large reaction rates, while reducing the 
possibility of a side-reactions and thus eliminates undesirable by-product formation [8, 10]. The combination of 
these distinctive properties of enzymes may give an economic advantage while reducing cost of downstream 
processing, such as separation and/or purification. Additionally, enzymes are biodegradable biomolecules, which 
can be disposed easily [9, 10].  
Enzymes have found potential applications in the fields of pharmaceutical, biotechnology (R&D), diagnostic, 
biocatalyst, food and beverage, fabric and household, biofuel, animal feed, biosensors, petrochemical processes. 
Commercial products such as high fructose corn syrup (HFCS), detergents, cellulosic ethanol, and recombinant 
DNA are prepared via enzymatic processes [8-10]. Enzymes in insoluble form allow their recovery and reuse. The 
immobilized enzymes often maintain their activity in a long-term process and allow their usability in a wide variety 
of process formats [8].  
2.5 ENZYME IMMOBILIZATION 
2.5.1 Importance in Industry  
As above-mentioned, enzymes are applied in bioconversion, bioremediation, bio-detection, and biosensing [11-
13]. The use of enzymes simplifies the downstream processing due to the decreasing of total cost of production. 
However, their industrial applications are hampered due to the lack of long-term operational stability [9, 14, 15].  
Immobilization on solid and insoluble supports is one the most utilized techniques in industry to allow enzyme 
reuse and retention for large-scale batch processes [16, 17]. The term “immobilized enzymes” refers to enzymes 
that are restricted or localized in a certain space within a carrier with conservation of their catalytic activity. 
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Immobilization can be accomplished by chemical/biochemical covalent bonding or non-covalent 
attachment/interactions which are highly influenced by the surface properties of enzyme and carrier material [11, 
18, 19]. If the support has mobile particles, the property of immobilization conditions depends on also particle 
mobility of a support, which is directed by particle size and solution viscosity [15]. Immobilization may also 
improve the catalytic performance of the enzyme under harsh operating conditions including extreme pH, the 
presence of organic solvents, high temperatures and the presence of contaminants and impurities [11, 20]. 
Multienzyme and chemo-enzyme processes can be manipulated efficiently without subunit dissociation through 
the selection of the optimal immobilization strategy [16]. It has been reported that enzyme immobilization 
enhances the productivity of the biocatalyst, reusability for continuous as well as batch operational modes, rapid 
termination of reactions and easy separation of product and enzyme [17]. In spite of all these advantages of 
immobilization, it is estimated that in industry only 20 % of enzymatic processes use immobilized enzymes [20].   
2.5.2 Enzyme Immobilization Methods 
Principally, immobilized enzymes are composed of the enzyme, the matrix and the mode of attachment. The 
motivation of enzyme immobilization is to advance enzyme stability and reusability under operational and storage 
conditions. Due to the fact that most enzymes are proteins which are constituted for different amino acids, their 
properties also vary.  This leads to various types of linkages and interactions between support and enzyme 
depending on the characteristics of the functional groups present. Enzymes can attach via different type of 
interaction such as reversible physical adsorption, ionic and affinity binding, irreversible covalent bonding via 
ether, thio-ether, amide or carbamate bonds [11].  
Fundamentally, enzyme immobilization techniques can be classified as outlined in (Figure 3): 
1. Binding to a solid carrier 
a. by physical adsorption (by hydrogen bonds or hydrophobic interaction) 
b. by ionic binding (e.g. to ion exchange resins) 
c. by covalent binding (e.g. to epoxy groups) 
2. Cross-linking (the formation of insoluble protein assemblies; e.g. by glutaraldehyde) 
3. Entrapment (within an inert support) 
a. in gels (e.g. calcium alginate) 
b. in membrane reactors (e.g. hollow fiber reactors) 
c. in reversed micelles, microemulsions, etc. 
4. Encapsulation (within a membrane) [9, 16, 21]. 
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Figure 3: Basic techniques for enzyme immobilizations (E: Enzyme) [adapted from 16]. 
 
 
 
Figure 4: (A) Types of carrier-bound enzyme immobilization. Insoluble carriers which have different shape 
and size are depicted: (a) bead, (b) fiber, (c) capsule, (d) film, and (membrane). (B) Immobilization methods 
by using a spherical solid support matrix: 1. physical adsorption, 2. covalent binding, 3. electrostatic binding, 
4.  Intermolecular cross-linking, 5. gel entrapment, 6. chelation and/or metal binding (E: enzyme, M: metal) 
[adapted from 22]. 
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2.5.2.1 Binding to a Solid Carrier 
Binding to a support (carrier) can be achieved via physical such as hydrophobic and van der Waals interactions, 
ionic or covalent binding. Physical binding is generally too weak for enzyme stabilization under harsh operational 
conditions while ionic binding is much stronger. Covalent binding results in the formation of chemical bonds 
prevents most enzymes of leaching from the support (Figure 4) [23]. 
a. Physical Adsorption 
Physical adsorption is a reversible immobilization technique by which the enzymes are physically attached onto 
the surface of the carrier. The interactions proceed via weak non-specific bonds such as van der Waals interactions, 
hydrophobic interactions and hydrogen bonds.  The physically adsorbed enzymes can be removed from the carrier 
and the restored support can be reloaded with fresh enzymes [11]. However, frequently observed leaching of 
enzymes hampers the recovery of the biocatalyst via down-streaming processing.  
b. Ionic binding 
Ionic binding is another simple reversible immobilization technique employing ionic forces between enzyme and 
support. The ionic protein-ligand interactions depend on the isoelectric point (pl) of the enzyme and the pH of the 
solution. This is the same principle that is used in ion exchange chromatography. Any ion exchanger can serve as 
a support for immobilization via ionic and strongly polar interactions. For instance, enzymes can attach to 
functionalized polysaccharides biopolymers such as dextran, agarose and chitosan though ionic interaction, 
including quaternary ammonium, diethylaminoethyl and carboxymethyl derivatives. The regeneration of the 
carrier is possible, however, leaching of enzymes is still problem [9, 18, 20]. 
c. Covalent binding 
Covalent binding is one of the most interesting immobilization techniques, which provides a chemical bond 
between enzyme and support [9, 11, 20]. The attachment of enzyme onto the support via covalent binding occurs 
usually by means of the side chains of lysine (amino group), cysteine (thiol group) and aspartic and glutamic acids 
(carboxylic group, imidazole and phenolic groups which are not essential for the enzymatic activity). Enzyme 
activity, however, is highly influenced by the characteristics of the enzyme and the carrier as well as the mode of 
immobilization. On the one hand, the carrier surface can be modified to create activated groups or on the other 
hand, reactive functional groups can be added to the carrier without modification in order to couple the enzyme 
and the carrier. Furthermore, surface modifications can enhance the selectivity for localization of the enzyme in 
order to decrease steric hindrance. Anyway, covalent interaction may occur between electrophilic groups of the 
carrier and nucleophiles on the enzymes. Multipoint covalent immobilization on a pre-functionalized support is 
another advantageous strategy in order to achieve highly stable enzyme-support complex. However, it has to be 
noted that when amino acids localized in the active center are involved in the coupling with the support, the enzyme 
may lose its activity completely or partially [11, 16, 20]. 
2.5.2.2  Cross-linking 
Cross-linking is irreversible enzyme immobilization technique that does not require a support. Thus, it is also 
referred to as carrier-free immobilization [11, 23]. By cross-linking, several disadvantages that arise from a support 
such as dilution of activity due to the introduction of large amount of a non-catalytic material in the process [11]. 
Cross-linking can be achieved by formation of intermolecular cross-linkages between enzyme molecules via bi- 
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or multifunctional cross-linking agent (such as such as glutaraldehyde, glutaraldehyde-ethylene diamine polymers, 
or dextran aldehyde) [20]. The most frequently used cross-linking agent is glutaraldehyde, which is economical 
and commercially available. The reaction can be described as inter- and intramolecular aldol condensations 
between the free amino groups of lysine residues on the surface of enzyme and glutaraldehyde oligomers or 
polymers. Cross-linking employs both Schiff’s base formation and Michael-type 1,4 addition to a,b-unsaturated 
aldehyde moieties, which can be moderated by the pH of the reaction medium [9, 11]. Some certain routes have 
been described to prepare water insoluble biocatalysts, such as crosslinking of soluble enzymes [crosslinked 
enzyme (CLE)], of crystallized enzyme proteins [crosslinked enzyme crystals (CLECs)], and of enzyme 
aggregates [crosslinked enzyme aggregates (CLEAs)]. The formation of CLECs requires a highly pure enzyme 
solution, which is expensive, while CLEAs can be easily obtained in a two-step procedure. The first step is the 
precipitation of the enzyme using precipitants such as ammonium sulphate, acetone, ethanol or t-butanol and then 
the aggregates are cross-linked by glutaraldehyde [9, 11, 14-16]. 
2.5.2.3 Entrapment 
Entrapment refers to an irreversible technique of enzyme immobilization, in which enzymes are entrapped in a 
support or inside of fibers, either in the lattice structure of an inorganic material or in polymer membranes. It is 
also described as physically limitation of enzyme mobility within polymer network such as organic or inorganic 
polymer matrices (e.g. polyacrylamide and silica sol–gel, respectively) or a membrane (e.g. a hollow fiber) [11, 
18, 20, 23]. Although these physical restraints might be too weak when the pores of the support matrix are too 
large, this problem can be overcome in combination with another immobilization method. One of the most 
common methods of enzyme entrapment is gelation of polyanionic or polycationic polymers by the addition of 
multivalent counter-ions. Gel formation conditions have to be compatible with enzyme stability, otherwise loss of 
enzyme activity may occur [11, 18, 20, 24].   
2.5.2.4  Encapsulation 
Similar to entrapment, encapsulation protects enzymes against direct contact with environmentally harsh 
conditions including gas bubbles, mechanical sheer and hydrophobic solvents, thereby improves the mechanical 
stability. On the other hand, some factors such as size of the enzyme have to be taken into account before designing 
the encapsulation of an enzyme to avoid leaching. Additionally, porous host materials may result in mass transfer 
limitations for both substrate and product. Especially, mesoporous silicas such as the MCM-41-type materials and 
SBA-15-type materials have been considered as appropriate supports for encapsulation of enzymes due to their 
large pore volumes and tunable pore sizes [14, 15, 20, 24, 25].  
2.5.3 Types of Support for Enzyme Immobilization 
It has to be considered as well that an enzyme may undergo physical and chemical changes along with the chosen 
immobilization method. Possibly, the surface properties of the enzyme, which conserves the tertiary structure of 
the enzyme via the formation of hydrogen or covalent bonds with the carrier may be altered upon immobilization. 
Thus, enzyme activity and stability might be adversely affected. Therefore, the characteristics of the enzyme have 
to be evaluated well in order to choose the most appropriate support and technique for the immobilization. For 
example, the functional groups of the active site and the essential groups for protection of the tertiary structure of 
the enzyme have to be preserved from being involved in the formation of covalent attachment with the matrix. 
Consequently, there are three basics steps in the development of a proper immobilization protocol: determination 
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of the immobilization support, immobilization conditions as well as the immobilization technique. Even though 
there is no universal support which is applicable to all enzymes, ideal support properties can be described as 
follows: presence of hydrophobic sites, strong adsorption of the target enzyme(s), mechanical stability, rigidity, 
feasibility of regeneration, non-toxicity and biodegradability, resistance to microbial attack and compression, 
commercially available, possessing a large internal surface and a high density of reactive groups on the surface. 
Particle dimensions of supports can be classified from nano- to micron-sized. Whenever the characteristics of the 
support such as the pore structure, pore size, and material morphology are modified, the accommodation of an 
enzyme might be correspondingly different. Therefore, the carrier morphology and pore dimensions are critical 
for the selection of a suitable carrier in enzyme immobilization [11, 18, 26, 27]. 
Frequently used materials for enzyme immobilization include carboxymethyl-cellulose, starch, collagen, modified 
sepharose, ion exchange resins, active charcoal, silica, clay, aluminium oxide, titanium dioxide, diatomaceous 
earth, hydroxyapatite, ceramic, celite, agarose, or organic porous glass and certain polymers. Besides, the materials 
can be combined to obtain hierarchical composite structures, which have desired properties required to obtain 
efficient enzyme immobilization and a low diffusion barrier for reactants [11, 18]. 
Basically, enzyme carriers can be classified as soluble and insoluble carriers. Furthermore, the insoluble carriers 
are split into organic and inorganic carriers. Finally, the organics carriers include two types of carriers namely 
synthetic and natural (Figure 5), [16, 23, 28-33]. 
 
Figure 5: Classification of enzyme supports [adapted from 29, 34]. 
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2.5.4 Effect of Immobilization on Enzyme Activity  
Each enzyme has a tertiary structure and as a consequence, specific attachment points for the interactions with the 
functional groups of the support. The enzyme orientation and correspondingly its activity may be altered via 
immobilization. Modulation of enzyme substrate selectivity and enantioselectivity, improvement of 
thermostability, preventing of aggregation, the preparation of a robust biocatalyst with increased life-time as well 
as a reduction of enzyme inhibition can be achieved by using the proper immobilization technique. However, 
reduction of the substrate accessibility to the catalytic active center and loss of dynamic properties of the enzyme 
are observed as well. Upon immobilization, the pH and temperature for optimal enzyme activity may be shifted 
[12, 16, 20]. In order to design biocatalysts based on immobilized enzymes, protein structure and function as well 
as the interactions between functional groups of the enzymes (e.g. the Ɛ-amino group of lysine, the carboxyl groups 
of aspartate and glutamate, hydroxyl groups of serine and threonine, and, less frequently, the sulfhydryl group of 
cysteine) and the support have to be known. Not only the properties of enzyme and carrier but also the kind of 
immobilization technique is very critical in order to guarantee the optimal activity of the biocatalyst. Otherwise, 
reduction of enzyme flexibility and alteration of enzyme hydration shell may cause the wrong orientation of the 
active site of the enzyme with respect to the surface of the support, hence partial or complete loss of enzyme 
activity may occur (Figure 6), [12, 18]. 
 
Figure 6: Effect of immobilization on enzyme activity [adapted from 35].  
Therefore, the parameters which have to be taken into account before designing an immobilization protocol can 
be collected under three perspectives: (1) in terms of the enzyme; size of enzyme, conformational flexibility, 
isoelectric point, surface functional groups/charge density, glycosylation, stability, presence of hydrophobic and/or 
hydrophilic regions. (2) with respect to the carrier; organic or inorganic, hydrophobic or hydrophilic, surface 
charges, surface functionalization, chemical and mechanical stability, surface area, porosity and pore size. (3) 
specific factors for the reaction under study; reaction medium (pH, buffer, temperature), reaction time, diffusion 
limitations, enzyme inhibition, precipitation of products, viscosity, thermodynamics of the reaction, inhibitors or 
other protein protectors and non-specific solvent-support interactions [24, 28, 36]. 
Consequently, the conformational analysis of an immobilized enzyme structure recruits the methodological 
improvement of the enzyme stability and activity for a related biotechnological application. In Table 2, advantages 
and disadvantages of the most frequently used enzyme immobilization techniques are summarized. 
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Table 2: Advantages and disadvantages of the most common immobilization techniques [37]. 
 
2.5.5 Techniques for Investigating the Conformational Changes of Immobilized 
Enzymes 
The orientation and three-dimensional structure of immobilized enzymes are very informative in order to evaluate 
the enzyme activity and stability. The substantial changes of immobilized enzymes may be unexpectable. 
Therefore, formation of individual enzymes, their orientation on surfaces and their functionality, as well as the 
homogeneity of the surface on matrix have to be analyzed in order to estimate possible problems in the bioprocess. 
Several techniques such as thermal gravimetric analysis (TGA), field emission scanning electron microscopy 
(FESEM), scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron 
spectroscopy (XPS), atomic force microscopy (AFM), forster resonance energy transfer (FRET), spectroscopy 
(UV-Vis, FT/IR, and FT-Raman), circular dichroism, fluorescence, solid state nuclear magnetic resonance (NMR) 
spectroscopy, etc. may be used to analyze the structure of immobilized enzymes [11, 12].    
2.6 ENZYMES USED IN THIS THESIS 
In this work, α-amylase, β-amylase, lipase, α-glucosidase and invertase as hydrolytic enzymes and glucose oxidase 
as an oxidoreductase were employed.   
 
Immobilization Methods Advantages Disadvantages  
Encapsulation/entrapment • No chemical modification of 
enzyme 
• Enzyme maintains its catalytic 
activity while 
polymerization/transition of 
support 
• Enzyme leaching 
• Mass transfer problems 
Cross-linking  • Support is not necessary  
• Rigidity structure of enzyme 
• Minimization of enzyme leaching 
• Possibility of the enzyme modification 
• Mass transfer problems 
Adsorption  • No chemical modification of 
enzyme 
• Simple procedure 
• Cheap  
• Enzyme leaching 
• Low specificity of the interaction 
Electrostatic interaction • No chemical modification of the 
enzyme 
• Easy performance  
• Enzyme leaching 
• Low specificity of the interaction 
Binding affinity  • High specificity of the reaction • Existence of specific groups on enzyme 
required 
• Usually expensive and complex to be 
built up 
Covalent binding • Strong binding 
• Minimization of enzyme leaching 
• Stability of enzyme 
• Possible sterically modification of 
enzyme to expose the active site for 
substrate 
• Decrease of enzyme activity 
• Chemical modification of the support 
required 
• Possibility of irreversible attachment, 
preventing support recycling 
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2.6.1 α-Amylase 
Amylases are involved in hydrolysis of starch molecules to give various products including glucose, maltose, 
soluble oligosaccharides (amylodextrin, erythrodextrin, and achrodextrin) [38, 39]. Approximately, 25 % of the 
enzyme market is constituted by the amylases family. Amylases are divided into two categories, endoamylases 
and exoamylases. Endoamylases are able to cleavage α-1,4 glocosidic bonds randomly in the inner part of the 
amylose or amylopectin chains producing linear and branched oligosaccharides of various chain lengths. α-
amylase is the well-known endoamylase which yields glucose, maltose and α-limit dextrins. Exoamylases can 
cleave either α-1,4 glycosidic bond such as β-amylase or act on α-1,4 and α-1,6 glycosidic bonds such as 
amyloglucosidase and α-glycosidase. Exoamylases are capable to act on the external glucose residues of amylose 
and amylopectin. Therefore, the products formed are limited to glucose (glucoamlyase and α-gucosidase), maltose 
and β-limit dextrin (β-amylase) [40-44]. 
α-Amylase (1,4-alpha-D-glucan glucanohydrolase; EC 3.2.1.1) is a calcium metalloenzyme, which is found in 
human physiology (the salivary and pancreatic α-amylase), plants, fungi (ascomycetes and basidiomycetes) and 
bacteria (Bacillus). Bacillus subtilis, Bacillus amyloliquefacines, Bacillus licheniformis and Aspergillus oiyzae are 
very important sources, because their enzymes are highly thermostable [40, 45-48]. α-Amylase obtained from 
Bacillus subtilis has dimensions of 3.5 x 4.0 x 7.0 nm. It has several potential applications in food technology such 
as bread making, glucose and fructose syrups, starch, baking, animal feed, fruit juices, alcoholic beverages, 
sweeteners. It is also very commonly used in detergents, textile industry (fiber and cotton desizing, digestive aid 
and spot remover in dry cleaning), paper industries, fuel (bioethanol from starches), sanitary waste treatment as 
well as clinical, medicinal, and analytical chemistry [40-43]. 
The reaction catalyzed by the α-amylase family of enzymes is an α-retaining double displacement mechanism. 
Two catalytic residues are included in the active site; a glutamic acid as acid/base catalyst and an aspartate as the 
nucleophile. In the first step, the glutamic acid donates a proton to the glycosidic bond oxygen after binding of the 
substrate into the active site. The second step includes the formation of an oxocarbonium ion-like transition state 
followed by the formation of a covalent intermediate. Then, the protonated glucose molecule at subsite +1 (H+-
bonded subsite) cleaves the active site during a water molecule or another glucose molecule replaces and attacks 
the covalent bond between the glucose molecule at subsite −1 (non-protonated subsite) and the aspartate. In the 
following step, an oxocarbonium ion-like transition state is formed. As the final step, the basic catalyst glutamate 
abstracts a hydrogen from an incoming water or the newly inwards glucose molecule at subsite +1. The oxygen 
derived from the incoming water or the new glucose molecule at subsite +1 substitutes the oxocarbonium bond 
between the glucose molecule at subsite −1 and the aspartate. They form a new hydroxyl group at the position of 
C1 in the glucose molecule at subsite −1 namely, hydrolysis or a new glycosidic bond between the glucose at 
subsite −1 and +1 namely, transglycosylation [41, 42]. 
2.6.1.1 Thermostable α-amylase 
In the starch industry, several enzymatic processes such as gelatinization should be performed at temperature of 
100-110 °C and liquefaction at 80-90 °C by using α-amylase without denaturation at elevated temperatures. Thus, 
the production of more thermophilic and thermostable α-amylases is required. The microbial diversity is one of 
the major sources for the production of enzymes either by cultivation of the wild-type strain or by genetically 
engineering the strain for the expression of a protein. Recently, the industrial use of microbial enzymes has been 
enormously increased due to more active and stable enzymes. There is a number of methods to manufacture 
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thermostable α-amylase derived from thermophilic organisms such as Bacillus licheniformis for industrial 
applications [21, 38, 49].  
2.6.2 ß-Amylase 
ß-amylase (E.C.3.2.1.2; α-1,4-D-glucan maltohydrolase) is a tetrameric exo-amylase and hydrolyzes the α-1,4-
glucosidic linkages of starch at the non-reducing ends to produce ß-maltose (4-O-alpha-D-glucopyranosyl-D-
glucopyranose) and ß-limit-dextrins. However, it is not able to hydrolyze or even approach α-1,6-glucosidic bonds. 
That’s why ß-limit-dextrin can only be formed by ß-amylase activity. The hydrolysis of glycosidic bonds is 
accomplished by two conserved glutamic acid residues by means of a general acid-base-catalyzed reaction [50-
52]. 
ß-amylase can be derived from higher plants (e.g., sweet potato, soybean, and rye seeds), microorganisms, several 
bacteria, actinomycetes, and fungi [50, 53]. This enzyme is industrially important due to its saccharogenic activity. 
It is widely utilized in the food and pharmaceutical industries, in clinical diagnostics, as nutrients in the health care 
industry, as a substitute for sucrose, in the production of maltose and high maltose syrups, in the baking and 
brewing industries, and cosmetics [50, 52, 53]. 
2.6.3 Lipase 
Lipases (triacylglycerol acylhydrolase, EC 3.1.1.3) are defined as carboxylesterases which belong to the 
hydrolases family of enzymes that act on the carboxylic ester bonds [54, 55]. They are involved in the hydrolysis 
and the synthesis of esters from glycerol and long-chain fatty acids [13, 54]. The biocatalytic activities of lipase 
usually proceed with high selectivity and stereo-specificity, thus, lipase has gained particular interest as one of the 
most commonly used stereoselective biocatalysts in organic chemistry [56, 57].  
Lipases are well-known enzymes that are designed by nature to perform catalytic reactions at the oil-water 
interface [58, 59]. The hydrolysis of triacylglyserols to release free fatty acids and glycerol is a reversible 
hydrolytic reaction. However, lipases can display not only hydrolytic activity on triglycerides but also esterolytic 
activity and effectively catalyze various inter-esterification, trans-esterification, alcoholysis, acidolysis, and 
aminolysis reactions in nonaqueous media [55, 60, 61]. 
The natural sources of lipases are animals, plants, insects, fungi, molds and bacteria [55, 58]. Lipases have various 
industrial applications in the detergent, food, paper, flavor industry, textile, leather, production of fine chemicals, 
cosmetics, perfumery, agrochemicals, as biosensor and drug targets, bioremediation, biodiesel ester, clinical 
analysis of pharmaceuticals, esters and amino acid derivatives [44, 55, 62-64]. 
2.6.4 α-Glucosidase (Maltase) 
Glucosidases catalyze the cleavage of glycosidic bonds to release glucose monomers from the non-reducing end 
of oligo- or polysaccharides and glycoconjugates. Several glucosidases show high specificity for the cleavage of 
gylcosidic bonds subjected to the number, position, and/or configuration of the hydroxyl groups in the 
polysaccharides [65]. This hydrolysis of glucosidic linkages can result in the production of α- or ß-glucose 
depending on the carbohydrate-hydrolase that is involved in the reaction.  α-Glucosidase or maltase (α-D-glucoside 
glucohydrolase; EC 3.2.1.20) is typical exo-type enzyme which catalyzes the hydrolysis of α-1 → 4 glycosidic 
linkage of maltose into two glucose moieties. Besides, it is also involved in transglycosylation of α-glucosyl 
residues to various glucosyl co-substrates, which leads to the synthesis of new oligosaccharides and glucosylation 
of various phenolic compounds, such as hydroquinone, catechine and p-coumaric acid [66-70]. 
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The hydrolytic reaction occurs by cleaving the gylcosidic bond between the anomeric carbon of the glycosyl 
residue and glucosidic oxygen (C1-O). the glucosyl residue is switched by a proton derived from water or an 
acceptor. Thus, it is an exchange reaction between the glycosyl residue and the proton in both hydrolysis and 
transglucosylation reactions [66].  
α-Glucosidases are conventionally classified into three types depending on their substrate specificity, whereas they 
may also be divided into two groups according to their primary structure. In the conventional classification, type l 
α-glucosidase hydrolyze aryl glucosidases, such as p-nitrophenyl α -D-glucopyranoside (pNPG) faster than short 
malto-oligosaccharides. Type II enzymes show higher activity on maltose as substrate and less activity towards 
aryl glucosides. Type III α-glucosidase resembles type II, however, the hydrolysis reaction rates of 
oligosaccharides and starch are similar [66, 68]. 
Various types of α-glucosidases can be produced from several microorganisms, plants and animal tissues [66]. 
These enzymes have been widely used in numerous food and pharmaceutical applications such as the production 
of fermentable sugars and used as potential therapeutic target [65, 67]. 
2.6.5 Invertase 
Invertase (EC.3.2.1.26; β-fructofuranosidase) belongs to the glycoside hydrolases which are capable of 
hydrolyzing sucrose disaccharide into monosaccharides of glucose and fructose (invert sugar). This is a very 
significant industrial process because invert sugar does not crystallize easily like sucrose, therefore, it is preferred 
over sucrose in food and pharmaceutical products. Aqueous solutions of both sucrose and glucose are slightly 
dextrorotatory due to the rotation of plane polarized light to right, whereas the solution of fructose is strongly 
levorotatory because of the rotation of plane polarized light to left. Because the enzyme catalyzes the inversion of 
right-handed rotation of plane polarizes light observed through sucrose solution to the left-handed rotation 
observed for the solution of invert sugar, thus “invertase” is the preferred name for this enzyme [71-75]. 
Invertase is produced from a number of microorganisms (yeast and bacteria) as well as plants, animals and 
filamentous fungi. However, microbial invertases have been studied intensively during last decades. Invertase 
exhibits its optimal activity a temperature between 30–75 °C and a pH of 2.9 to 6.2. The enzyme has been 
extensively used in in the preparation of jams, marshmallows, powder milk for infants, infant formulas, candies 
containing liquefied sugar centers, chocolate covered cherries, drug, paper, digestive aid tablets, artificial honey, 
beverages and bakery items as well as in the production of non-crystallizable sugar syrup from sucrose, lactic acid, 
glycerol, biofuels and the hydrolysis of inulin (polyfructose) to fructose. Invertases are also utilized for the 
prevention of some diseases such as ulcers, intestinal ailments, reduce colds etc. in humans, in anti-aging process 
and physical rejuvenation [71, 76, 77]. 
2.6.6 Glucose Oxidase 
Glucose oxidase (β-D-glucose: oxygen 1-oxidoreductase; EC 1.1.2.3.4) is a flavoprotein which catalyzes the 
oxidation of β-D-glucose to gluconic acid, by utilizing substrates such as molecular oxygen, quinones or one-
electron acceptors with simultaneous production of hydrogen peroxide. The molecular weight of glucose oxidase 
(GO) ranges from approximately 130 to 175 kDa. The molecular dimensions are 6.0 nm x 5.2 nm x 7.7 nm 
according to X-ray crystallography data. GO is very specific for the β-anomer of D-glucose whereas the α-anomer 
is not a suitable substrate [78-82]. 
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The reaction can be divided into two steps, viz a reduction and an oxidation step. In the reductive half reaction, 
the oxidation of β-D-glucose to D-glucono-δ-lactone is catalyzed by glucose oxidase, which is spontaneously 
hydrolyzed to gluconic acid. Subsequently, the flavin adenine dinucleotide (FAD) ring of the enzyme is reduced 
to FADH2. Two mechanisms are offered for the reductive half-reaction: hydride abstraction and nucleophilic attack 
followed by deprotonation. In the former mechanism, β-D-glucose is oxidized to D-glucono-δ-lactone by a 
concerted transfer of a proton from its C1-hydroxyl to a basic group on the enzyme (His516) and a direct hydride 
transfer from its C1 position to the N5 position in FAD.  In the oxidative half reaction, the reduced enzyme is 
reoxidized by oxygen to yield H2O2 via one- or two-electron transfer mechanisms, depending on the type of the 
oxidizing substrate. The reaction rate of hydrolysis depends on the pH; at pH 3 it is very slow, but at pH = 8 it 
proceeds with a half-life of about 10 min. Both gluconic acid and hydrogen peroxide may result in product 
inhibition of glucose oxidase [80, 83]. 
The active site of the enzyme contains, in addition to FAD, three amino acid side chains involved in catalysis: 
His516 with a pKa = 6.9, and Glu412 with pKa = 3.4 which is hydrogen bonded to His559, with pKa > 8. The 
protonation of each residue increases the reaction rate in the catalytic mechanism [80]. 
GO has wide applications in chemistry, pharmacy, food and beverage industry, and biotechnology. For instance, 
utilization of the obtained gluconic acid in potentiometric and calorimetric glucose sensors, glucose biosensor for 
diabetes monitoring, biofuel cells, low alcohol wine production, oral hygiene, textile industry, 
antioxidant/preservative (oxygen scavenger), microbially influenced corrosion (MIC) and ennoblement studies. 
Glucose oxidase is obtained from different fungal sources, mainly from the genus Aspergillus and Penicillium, of 
which A. niger is the most common source. Moreover, red algae, citrus fruits, insects, bacteria and molds also 
produce glucose oxidases [84-89]. 
2.7 BIOMASS CONVERSION WITH ENZYMES 
2.7.1 Biomass 
The use of renewable energy sources has become a very prominent topic aiming at changing the negative impact 
of global warming. Biomass is one of the most common renewable energy sources besides wind, solar and tidal 
power. Oils, fats, carbohydrates, lignin, and amino acids are fundamental raw materials for the production of bio-
renewables. Much attention has been devoted identifying suitable biomass types which can supply eco-friendly 
and low-cost energy. Burning conventional fossil fuels such as oil, natural gas and coal contributes to the release 
of greenhouse gases such as CO2 and diminishes non-renewable resources [9, 90, 91].  
Biomass is organic material, which is derived from all plant sources including algae, trees and crops. There are 
four main types of biomass: woody plants and grasses/herbaceous plants (all perennial crops), starch and sugar 
crops and oilseeds as illustrated in Figure 7 [90]. Biomass is produced by green plants by converting CO2 to 
produce carbohydrates through photosynthesis. Thus, solar energy is stored in the chemical bonds of the structural 
components of biomass via photosynthesis. When the bonds between adjacent carbon, hydrogen and oxygen 
molecules are broken by digestion, combustion, or decomposition, the deposited chemical energy is released [91]. 
Consequently, biomass can be converted into three main types of product, namely, energy, transportation, chemical 
feedstock [90]. 
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Figure 7: Biomass-derived products [adapted from ref. 92]. 
Biomass has always been a major source of energy for mankind, contributing 10 to 14% of the world’s energy 
supply. From an economic and environmental point of view, it will become even more important when the world 
population is increasing [9, 91]. 
2.7.2 Biomass Based on Starch 
2.7.2.1 Carbohydrates 
Carbohydrates are mostly of biomass-derived organic compounds. Bio-transformation of mono-, oligo-, and 
polysaccharides, especially by enzymes, has recently received increasing attention. The main source of saccharides 
are polysaccharides such as cellulose, starch, hemicelluloses or inulin. Several strategies to convert the saccharides 
to bioenergy have been developed. The first step is the depolymerization of such biopolymers into the monomers 
and the second step involves upgrading of these monomers. For instance, various projects have focused on the 
synthesis of fuels along with commodity and fine chemicals based on monosaccharides [90, 93]. 
Biopolymers are composed of several aldoses and ketoses; however, seven monosaccharides are found 
predominately, namely, D-glucose, D-fructose, D-xylose, L-arabinose, D-ribose, D-mannose, and D-galactose 
(Figure 8). 
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D-glucose is undoubtedly the major building block of plant biomass. Isomerization is a well-known carbon-
efficient way for the production of uncommon monosaccharides utilizing rich ones (Figure 8). Furthermore, 
several valuable compounds can be prepared by isomerization. For instance, D-xylose can be converted into D-
xylulose and further into furfural under much milder conditions than the conventional production of furfural. 
Besides, 5-hydroxymethylfurfural (HMF) can be produced from fructose converted from glucose via 
isomerization. Additionally, D-tagatose is a very promising ketose which may be employed as low-calorie 
sweetener in cosmetic and pharmaceuticals. It can be obtained from D-galactose by biocatalytic transformation 
catalyzed by L-arabinose isomerase [93]. 
2.7.2.2 Starch Hydrolysis 
In addition to cellulose, starch is the most abundant carbohydrate available in nature. The estimated amount of 
starch produced worldwide is 58 million tons, extracted mainly from corn (46 million), wheat (4.6 million), and 
potatoes (3.5 million), while the rest is derived from rice and cassava roots. The structural properties of starch 
depend on its botanical source. Starch is comprised of a heterogeneous mixture of two polymers, namely amylose 
and amylopectin (Figure 9). Both have a backbone of α-1,4-linked D-glucose units, whereas amylopectin has also 
additional α-1,6-glucosidic branches.  
Figure 8: Structure of aldoses available from biomass, epimeric aldoses, and ketoses [adapted from 93]. 
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Figure 9: Partial structure of starch composed of amylose and amylopectin and their hydrolysis products, 
maltose and glucose. 
In order to completely hydrolyze starch to glucose monomers, two enzymes are required, namely α-amylase which 
is able to split α-1,4-glucosidic bonds and γ-amylase (also called glucoamylase) which breaks both α-1,4- and α-
1,6-glucosidic bonds. 
The immobilization of different types of amylases for starch hydrolysis has been studied intensively; thus, 
numerous papers are published in this field (Table 3) [9].  
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Table 3: Literature on the hydrolysis of starch employing immobilized enzymes. 
Support Type of amylase Reference 
Porous silica α-amylase [94] 
Sol–gel included silver nanoparticles  Diastase amylase [95] 
Porous alumina Bacillus subtilis α-amylase [96] 
Hydrogel beads Aspergillus oryzae α-amylase [97] 
Chitosan with activated clay α-amylase and glucoamylase [98] 
Magnetic nanoparticles porcine pancreatic α-amylase [99] 
Hydrophobic magnetic nanoparticle Bacillus licheniformis α-amylase [100] 
Magnetic molecularly imprinted polymers 
(MMIPs) 
α-amylase [101] 
Fe3O4/poly(styrene-co-maleic anhydride)core–shell 
composite microspheres 
α-amylase [102] 
Iron-oxide magnetic nanoparticles Bacillus alcalophilus α-amylase [103] 
Superporous cellulose beads Bacillus licheniformis α-amylase [104] 
Poly(dimer acid-co-alkyl polyamine) particles Pork pancreas α-amylase [105] 
Hydrophilic silica gel and DEAE-cellulose 
entrapped in alginate beads 
α-amylase and glucoamylase [106] 
Acid activated montmorillonite Bacillus subtilis α-amylase and Aspergillus 
niger glucoamylase 
[107] 
UV-curable methacrylated/fumaric acid modified 
epoxy 
Pork pancreas α-amylase [108] 
Chitosan modified with amino acids Bacillus subtilis α-amylase [47] 
Glutaraldehyde-activated polyaniline Diastase α-amylase [109] 
Pectin gel glucoamylase and Saccharomyces 
cerevisiae 
[110] 
Chitosan-casein film on silica Bacillus licheniformis α-amylase [111] 
Sepa beads (poly(methacrylate)) Amylase from Aspergillus carbonarius [112] 
Calcium alginate beads α-amylase from Aspergillus oryzae [113] 
Calcium alginate beads Bacillus subtilis α-amylase [114] 
 
2.8 IMMOBILIZATION OF ENZYMES ON INORGANIC SUPPORTS 
Enzyme immobilization enables cost-effective uses of enzymes in industrial applications including biosensors, 
bioethanol and biodiesel production, pollutant removal, and biofuel cells [37]. 
One of the most utilized immobilization techniques is binding of the enzyme onto a support via physical or 
chemical interactions. Various materials are suggested as supports including cellose [115], agarose [115], chitin 
[116], chitosan [117], calcium alginate [118], collagen [115], polyacrylamide [119], polystyrene [115], 
polyvinylidene difluoride hollow fiber [120], nylon [115], ultrafiltration membrane [121], hydrogel [122], 
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magnetic materials [123], celite [115], silica [124], controlled pore glass [125], mesoporous silica [92], and 
microporous molecular sieves [126].  
2.8.1 Choice of a Proper Support for Enzyme Immobilization 
Initially, a proper support has to be choosen, which allows the use of the immobilized enzymes in an industrial 
application. Numerous supports with different properties have been proposed. It is also possible to modify the 
surface of the support via chemical reactions to tune the interaction between the enzyme and the support [37]. 
Some requirements have to be considered when choosing a proper support: 
• The support should be cost-effective and environmentally-friendly.  
• A sufficient amount of enzyme per unit of weight has to be loaded onto the support. Especially, porous 
supports might allow a high loading. However, the pore diameter has to be tailored to fit to the size of the 
protein. Briefly, high porosity and tunable pore size are advantageous [127]. 
• Moreover, a large surface area with minimum diffusion limitation, low pressure drop, and a suitable 
particle size are important. 
• Hydrophobicity and hydrophilicity of the surface have to be tuned to optimize interaction with the 
enzyme.  
• The support should be inert under operational conditions as well as not interfering with the current 
bioprocess. 
• The support has to show high resistance to microbial attack. 
• Thermal and mechanical stability are also very essential in order to use the immobilized enzyme under 
different operational conditions.  
• Chemical durability, especially to different pH values have to be carefully considered [11, 37].  
2.9 INORGANIC SUPPORTS 
Supports for immobilization are divided into two groups: organic supports (mainly polysaccharides, polyacrylic 
and polyvinylic polymers) and inorganic supports (mainly silica- or metal-oxide-based). A wide range of inorganic 
supports are commercially available for enzyme immobilization including silica, silica gel, metal oxides, ceramics, 
diatomaceous earth, hydroxyapatite, cordierite, porous glass, stainless steel membranes. In contrary to organic 
support, the durability of inorganic supports ensures usually the invariance of pore diameter, thus, the constant 
volume and shape of it. However, inorganic supports of different pore diameters are available. Accordingly, the 
most promising materials are mesoporous silica-based carriers, which have pore diameters between 2 and 50 nm 
in size and specific surface areas between 300 m2·g−1 and 1500 m2·g−1. It has been reported that pore diameters 
close to the average diameters of proteins result in the highest enzyme loadings during immobilization [37]. 
2.9.1 Silica-based Supports 
2.9.1.1 Introduction  
Silica (SiO2) has a density between 2 and 3 g/cm3 and a melting point of ca. 1.700 ºC [128]. Silicon dioxide usually 
exists as a three-dimensional polymer, whose units are regular SiO4 tetrahedra which share their vertices. Thus, it 
is conceivable to create an infinite lattice by means of siloxane bridges, Si-O-Si, in the structure. The SiO4 
tetrahedra are rigid, while the Si–O–Si angles have some flexibility. Accordingly, there are hundreds of identified 
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polymorphs of silica, ranging from highly ordered crystalline forms, such as quartz to totally random structures, 
such as vitreous (glassy) materials, viz. non-periodic porous systems to microporous crystalline and mesoporous 
amorphous solids [37]. In brief, three main crystalline structures of SiO2 naturally exist, i.e. quartz, tridymite, and 
cristobalite and five minor structures are also present, i.e. keatite, coesite, melanophlogite, fibrous and faujasite 
[129]. 
Silica surfaces are derived from dehydration of hydrated silica, namely silicic acids (H4SiO4) or from grinding 
bulkier silica pieces. In the first step, H2O is removed under elevated temperature and condensation of silanol 
groups Si–OH results in the formation of siloxane bridges Si–O–Si. Following the elimination of almost all silanol 
groups at about 1200 °C, a sintering process occurs [37]. The dehydration of silica and the following rehydration 
by chemisorption of H2O was quantitatively assessed to a certain extent as a function of heat treatment temperature 
[130]. After dehydration, silica surfaces possess two basic chemical functions, i.e silanols (Si–OH), and siloxanes 
(Si–O–Si). Silanols are considerably more acidic than their alcohol counterparts, thus, negatively charged silica 
surfaces are observed above the isoelectric point of silica. Additionally, they act as donors in process of hydrogen 
bonding [131]. Theoretically, an ordered layer of silanol groups should have a well-crystalline structure. However, 
due to the defection in the crystalline matrix and/or other disorders of the surface (amorphous structure), regions 
of relatively high silanol concentrations are adjacent to those where siloxane functions are mainly present. 
Therefore, some patches of silica exhibit hydrophobic character [132].  
On the surfaces of silica-based materials, different reactive groups such as geminal silanols (silanediols), vicinal 
silanols, isolated silanols (Figure 10) may be differentiated. 
 
Figure 10: Types of silanol groups present on the surface of silica-based materials: geminal silanols (a) 
vicinal silanols (b), isolated silanols (c). However, silanetriols (d) have never been observed on a silica 
surfaces [37]. 
In connection with the coexistence of both hydrophobic and hydrophilic regions on the silica surface as well as 
some particular properties such as the weak acidity of the matrix, different adsorptive properties of dissimilar 
silica-based materials are expected.  
2.9.1.2 Porous Materials  
Silica-based materials form porous structures, whose pore diameters can be ranged from smaller than 2 nm 
(micropores) to mesoporous structure (2 to 50 nm) and to macropores (>50 nm) [133]. Zeolites are one of the most 
remarkable examples of microporous siliceous materials. Due to the narrow pore sizes of zeolites, encapsulation 
of enzymes in a zeolite-coated porous material may result in diffusion limitations for both substrates and products 
[134-136]. Nevertheless, large pores usually result in relatively low surface area and thus, low enzyme loadings 
[137]. Therefore, mesoporous silica-based materials such as SBA-15 [138-140], MCM-41 [141], MSU-1 [140] 
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and MCF [142] have drawn attention owing to their higher enzyme loading capacities, rigidities, low pressure 
drop, low diffusion limitations, easy scale-up and applicability in the field of enzyme immobilization [34, 143].        
2.9.1.2.1 Silica-based Nanoparticles 
Silica nanoparticles are commonly synthesized via sol-gel methods [144, 145]. Nanoparticles are characterized by 
their high surface area/volume ratio; thus, they usually show different properties compared to the corresponding 
bulk materials. Accordingly, they have gained attention in academia and industry [146].  
It has been observed that silica nanoparticles tend to aggregate after drying from an aqueous solution which leads 
to reduced surface area [147]. Whereas, a fine tuning of particle size, surface properties, and porous structure can 
be achieved by carefully selecting the starting materials and synthesis conditions. Consequently, silica 
nanoparticles have been explored in in many different industrial areas such as drug delivery and bio-sensing of a 
very broad range of analytes [148-151].  
2.9.1.2.2 Zeolites  
The history of zeolites goes back to 250 years ago to the discovery of a mineral (stilbite) swelling while heating in 
a flame by the Swedish mineralogist Cronsted [152]. The newly discovered hydrated aluminosilicates were called 
zeolite (zeo-lithos meaning boiling-stone). For many decades, zeolite crystals draw interest only in museums. 
However, when synthetic zeolites were discovered as well as the existence of not only minor constitutes in volcanic 
rocks but also sizeable sedimentary deposits, many large-scale applications were developed. In the following years, 
researchers have synthesized 245 different zeolite topologies besides the discovery of over 40 different zeolites in 
nature [153]. Rarely, synthetic and natural zeolites compete for the same application. If the variable phase purity 
and the chemical impurities are of minor importance in an application, natural zeolites may be preferred due to 
their low costs. Whereas uniformity and purity become important, then, synthetic zeolites are preferred [154]. 
The first synthetic zeolites (X, Y, A) were rapidly utilized in three main processes; adsorption (drying of refrigerant 
gas and natural gas, n-/iso-butane separation), catalysis (isomerization and cracking), and ion-exchange (in 
detergents). Some properties of zeolites such as crystal size, composition, and polarity can be tailored to improve 
their performance beyond their natural counterparts. 
Another important finding was the demonstration by P.B. Weisz and coworkers that zeolites exhibit shape 
selectivity also termed molecular sieving in 1960. In subsequent years, the synthesis of diverse new zeolites, 
especially ZSM-5 (MFI, 1967) and the discovery in new shape selective transformations as well as the 
improvement of post-synthesis treatments of zeolites made them one of the most important catalyst family. 
Accordingly, the widespread utilization of zeolites in many applications has triggered the creation of novel zeolites 
with novel framework structures [155].    
In 1970, the first edition of Atlas of Zeolite Framework Types was published by the Structure Commission of the 
International Zeolite Association (IZA-SC). The Atlas describes the 27 zeolite framework topologies identified at 
that time. However, this number has exponentially increased up till now [156].  
The sixth edition of the Atlas of Zeolite Framework Types was published in 2007. It includes 176 distinct zeolite 
framework types, each possessing a unique three-letter-code. Many of so-called newly discovered zeolites have 
novel structural features such as extra-large pores, low framework density, extremely complex framework 
topology, and intrinsically chiral frameworks, etc. Moreover, some of them have never been observed before, viz. 
zeolites with 15-, 16-, 28-, and 30- ring pore-openings [157].  
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Structure  
Zeolites are microporous crystalline silicates and aluminosilicates with the general formula M2/nO•Al2O3•ySiO2, 
where n is the cation valence, y may range from 2 to infinite. Zeolites have a three-dimensional structure, composed 
of TO4 tetrahedra (SiO4 or AlO4-) linked by shared oxygen atoms leading to the formations of subunits and 
consequently a large matrix composed of identical units (Figure 11). Each AlO4- tetrahedron in the framework 
possess a net negative charge that is balanced by an exchangeable extra-framework cation. The chemical 
composition of the crystallographic unit cells of a zeolite can be described by the following empirical formula: 
Mx/n[(AlO2)x . (SiO2)y] . zH2O 
where n is the valence of cation M which is used to balance the negative charge of the zeolite lattice, x +y the total 
number of tetrahedra per unit cell while y/x, the atomic Si/Al ratio, diverse from a minimal value of 1 as stated by 
the Löwenstein rule to infinite and z implies the water contained in the pores [155, 158].  
The framework structure includes intra-crystalline channels or interconnected cages, where the cations and water 
molecules are residing. The cations are mobile and are able to undergo ion-exchange while the water molecules 
can be removed reversibly by a heat treatment resulting in the formation of a porous crystalline structure. The 
intracrystallite channels can be one-, two- or three-dimensional. However, two- or three-dimensional connections 
are preferred in order to promote of intracrystalline diffusion in adsorption and catalytic processes.  
 
Figure 11: Basic zeolite structure. 
From the primary structural unit, the AlO4- or SiO4 tetrahedra, secondary building units are constructed that might 
be a polyhedral, such as cubes, hexagonal prisms or cubo-octahedra. Consequently, the final framework is built 
up by the secondary structures [159]. Pore sizes differ from 0.4 to 1.2 [160] nm and pore volumes from ~0.06 to 
0.22 cm3/g [161]. 
Some zeolite types such as the zeolite minerals mordenite, chabazite, erionite and clinoptilolite, the synthetic 
zeolite types A, X, Y, L, mordenite, ZSM - 5, beta and MCM - 22 are commercially important [159]. 
 
Classification  
There are several ways to classify zeolites.  
• With regards to the origin of zeolites, natural and synthetic zeolites are discerned. 
• Based on their micropore size, zeolites are classified into three categories:  
➢ Small pore zeolites, viz. 8 membered-ring pore apertures which corresponds to a 
crystallographic diameter of 0.35 to 0.45 nm. 
➢ Medium pore zeolites, viz. 10 membered-ring apertures which corresponds to a crystallographic 
diameter of 0.45 to 0.60 nm. 
➢ Large pore zeolites, viz. 12 membered-ring apertures which corresponds to a crystallographic 
diameter of 0.60-0.80 nm. 
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• In respect to the orientation of internal pores in zeolites, which possess interconnected voids and 
apertures, they can be subdivided into three categories 
Namely zeolites possessing: 
➢ Unidimensional channel system  
➢ Two-dimensional channel system 
➢ Three-dimensional channel system  
• According to their silica to alumina ratio in the framework, zeolites are grouped into: 
➢ “Low” Si/Al zeolites (SiO2/Al2O3 < 4); Low silica zeolites 
➢ “Intermediate” Si/Al zeolites (4 < SiO2/Al2O3 < 20) 
➢ “High” Si/Al zeolites (20 < SiO2/Al2O3 < 200); High silica zeolites 
➢ “Zeosils” (SiO2/Al2O3 > 200) [153, 162]. 
Zeolite as Solid Acid Catalysts 
Many hydrocarbon reactions and many transformations of functionalized compounds are catalyzed by the protonic 
sites in zeolites. In the zeolite framework, these acid sites are associated with the oxygens linked to the tetrahedral 
Si and Al atoms via hydroxyl bridges. The amount of BrØnsted acid sites is theoretically equal to the number of 
Al atoms in the framework whereas the actual number is smaller due to cation exchange, dehydroxylation and 
dealumination at high temperatures. Hence, the density of the acid sites can be adjusted during zeolite synthesis 
or via post-synthesis treatment such as dealumination or ion-exchange. Nevertheless, Al atoms cannot be adjacent 
to each other (Lowenstein rule). Thus, the maximum number of acid site is achieved at a Si/Al ratio of 1 (8.3 mmol 
H+ g-1 zeolite).  
In order to synthesize zeolite with the desired acid site strength and density, several parameters have to be 
considered, such as Al-(OH)-Si bond angle, metal content (B, Ga, In, Fe), percentage of proton exchange, Si/Al 
ratio, Lewis- BrØnsted interaction, and proximity of acid sites [155].      
• Al-(OH)-Si bond structure: This bond occurs with bridging hydroxyls (I) or terminal silanols (II) as 
extreme limits: 
 
Figure 12: (Al(OH)Si) bond structure. 
In the case of amorphous aluminosilicates, OH groups are primarily terminal, while those of zeolites are 
primarily bridging where the interaction of O and Al weakens the OH bond resulting in strong acidity. 
Thus, a large T-O-T bond angle yields a stronger acid site [155].      
 
• Metal content: Metallosilicates are characterized by trivalent elements substituted into the zeolite 
framework other than Al such as B, Ga, In, and Fe. From IR spectroscopic measurements of MFI samples 
as well as ammonia TPD, the acid strength increases in following order [163]: 
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B(OH)Si < In(OH)Si « Fe(-OH)Si < Ga(OH)Si < Al(OH)Si 
 
• Influence of the degree of Na exchange: Acid sites of zeolites are formed via removal of basic organic 
template by calcination at high temperatures as well as exchange of the alkaline cations (often Na+) with 
proton (H+), which results in an increase in their acid strength. A high degree of exchange leads to the 
formation of strong acid sites and an increase in the strength of the acid sites already present in the 
framework [163].  
 
• Si/Al ratio: Each aluminum atom has four neighboring Si atoms in the first surrounding sphere as shown 
in Figure 11. Depending on the topology of the zeolite, the second coordination sphere may be Al or Si 
atoms (Next-Nearest-Neighbors (NNN)). The acidic strength is adjusted via the number of Al atoms in 
the NNN position. Consequently, the acidic strength is maximum if none of NNN is aluminum [163].  
 
• Interaction between Lewis and BrØnsted acid sites: Zeolites as solid acids possess both Lewis and 
BrØnsted acid sites. BrØnsted sites, viz. protic sites, occur as a consequence of bridging hydroxyl groups 
whereas Lewis or non-protic sites are related to electron acceptor sites in the framework. The schematic 
representation of Lewis and BrØnsted acid sites is shown in Figure 13 [164]: 
 
 
Figure 13: Schematic representation of Lewis and BrØnsted acid sites. 
Accordingly, the removal of extra framework aluminium species via acid treatment, or treatment with 
ammonium hexafluorosilicate lead to a reduction of the acidity of zeolite as well as its activity in acid-
catalyzed reactions.  
 
• Accessibility of acidic sites: Besides other parameters, the accessibility of the acidic sites is also critical 
in determining the catalytic activity of zeolite. The access to the protonic acid sites depends both on the 
position of the BrØnsted sites in the framework and the size of the reactant molecules [155].  
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Isomerization of Glucose to Fructose over Lewis Acid Sites on Zeolite Catalysts 
In order to explain the mechanism of glucose isomerization to fructose, Sn-Beta zeolite is used as an example 
(Figure 14).  
 
Figure 14: Schematic representation of the isomerization of glucose into fructose over Sn-Beta. 
Theoretically, two parameters are essential for this reaction: open metal sites and the presence of adjacent silanol 
groups which are employed in the intramolecular hydride shift pathway. 
The first step of the isomerization reaction is the coordination of glucose to the Sn-metal center and the formation 
of an octahedral complex. Here, Sn is linked to the C1 carbonyl and C2 hydroxyl groups of glucose. Before the 
transformation of the hydride, glucose is deprotonated at the position of C2-OH group and the Sn-OH accepts the 
proton. During this step, one water molecule remains coordinated to Sn. In the following step, Sn forms a covalent 
bond with the C2 oxygen forming a C2–O–Sn bond. Finally, the C2-C1 hydride transfer step occurs [165, 166]. 
 
Applications  
Since their discovery, zeolites have been used in various environmentally-friendly processes as adsorbents, ion 
exchangers and catalysts. The utilization of zeolites as adsorbents and ion exchangers is mature, while the use of 
zeolites in the production of organic (fine) chemicals still requires some further development [155].  
In the past decades, the exploitation of zeolites for residue cracking has become common in petroleum refining 
(FCC). Replacing phosphates, employment of synthetic zeolites in detergents became the single largest volume 
use in that field. Besides, zeolite-based ion exchangers were used widely in nuclear waste cleanup in the wake of 
Three Mile Island and Chernobyl nuclear accidents. Currently, zeolites powders are utilized for odor removal and 
as plastic additives.   
Due to their adsorption and separation properties, zeolites are employed in pressure swing adsorption in order to 
produce oxygen, nitrogen, and hydrogen.  They are also used for the purification of gasoline oxygenate additives. 
Moreover, for removal and recovery of volatile organic compounds, hydrophobic zeolites such as highly siliceous 
zeolite Y has been suggested.  
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Due to their three-dimensional pore structure, zeolites are explored as advanced solid-state materials. Thus, they 
may be used in the fields of enzyme immobilization [34], molecular electronics, “quantum” dots/chains, electrodes, 
batteries, non - linear optical materials and chemical sensors [159].  
 
Table 4: Industrial uses of zeolites. 
Zeolites Industrial Processes 
Zeolite ZSM-5 (MFI) Fluid catalytic cracking, hydrocracking, dewaxing, oligomerization, xylene 
isomerization, toluene disproportionation, benzene alkylation, methanol to olefins, 
hydration, amination to NH3, octane enhancement additive [155] 
Zeolite Beta (BEA) Benzene alkylation, monosaccharides isomerization and epimerization, acetylation 
with acetic anhydride [167-174], hydrolysis of hemicellulose, fluid catalytic 
cracking and hydrocracking, the production of lactic acid and methyl lactate from 
C3-sugars, conversion of cellulose to C3 and C4 hydrocarbons [175-178] 
Zeolite X, Y (FAU) Fluid catalytic cracking, hydrocracking, dewaxing, acetylation with acetic anhydride 
Mordenite (MOR) Hydrocracking, dewaxing, hydro - isomerization, xylene isomerization, toluene 
disproportionation, selective toluene disproportionation, transalkylation, benzene 
alkylation [155, 159] 
Zeolite A (LTA) n-/iso-butane separation, ion-exchange in detergents 
 
Zeolite Beta (BEA) 
Zeolite beta was first described in 1967 as an active catalyst with a 3D pore structure, which has both BrØnsted 
and Lewis acid sites and also is a useful sorbent. By high-resolution electron microscopy and electron diffraction, 
zeolite beta was identified as an intergrown hybrid of two distinct but closely related structures [179]. Both 
polymorphs possess the same centrosymmetric tertiary building units as well as 3-dimensional 12-membraned ring 
channels with straight (0.77 nm x 0.66 nm) and crossed (0.56 nm × 0.56 nm) [34, 179]. The chemical composition 
of one-unit cell is: 
|Na7| [Al7Si57O128]-*BEA [156] 
The hydrothermal synthesis of zeolite BEA is possible in a wide range of compositions (SiO2/Al2O3 ratios between 
30 and 300) and a narrow crystal size ranging from 0.1 µm to 2 µm [155]. The unit cell parameters are given as a 
= 12.63 Å, b = 12.63 Å, c = 26.19 Å and α = 90.0°, ß = 90.0°, γ = 90.0°. 
 
Zeolite ZSM-5 
Zeolite Socony Mobil No. 5 (ZSM-5) was first described by the Mobil Oil Corporation in 1972. ZSM-5, a synthetic 
zeolite, is the end-member of the high-silica pentasil zeolite family. It has been assigned the MFI topology by the 
International Zeolite Association (IZA). ZSM-5 has two types of 10-membraned-ring channels: straight channels 
with the size of 5.3 x 5.6 Å and sinusoidal channels with the size of 5.1 x 5.5 Å. These two channels are arranged 
vertical to each other and construct intersectional points with the diameter of 8.9 Å [153, 180, 181].  
Although the pore voids in MFI zeolites are created by 10-membered rings, 4-, 5- and 6-membered rings are also 
observed through the framework [153]. The parameters of unit cell are shown as a = 20.07 Å, b = 19.92 Å, c = 
13.42 Å and α = 90.0°, ß = 90.0°, γ = 90.0°. 
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ZSM-5 is known as one of the best active heterogenous catalysts for many industrial processes such as gas phase 
ethylation (the Mobil/Badger process), xylene isomerization, benzene alkylation, hydrodewaxing, methanol to 
gasoline conversion, and catalytic breakdown of natural oils [183].  
ZSM-5 is typically synthesized by using tetrapropylammonium hydroxide as template. In typical synthesis, a 
mixture of (CH3CH2CH2)4NOH with SiO2 as silica source and NaAlO2 as alumina source is put in an autoclave at 
150 °C for 5 to 8 days [180]. The molecular formula for one unit cell is given as:  
|Nan (H2O)16| [AlnSi96-nO192], n < 27 [153] 
H-ZSM-5 is the acid type or H-form of ZSM-5, which is widely used in acid-catalyzed processes in industry [182]. 
H-ZSM-5 possess both Lewis and BrØnsted acid sites. Not only the total acidity but also the amount of Lewis and 
BrØnsted acid sites as well as their strength are important to determine its activity and selectivity. Besides, the 
relative acidity of the substrate and the quantitative distribution of the type of different acid sites specify the 
catalytic activity of the zeolite.  
 
Hierarchical Zeolite  
Conventional zeolites are typically only microporous, which sometimes form large crystals onto the micrometer 
scale. Due to their ordered microporosity, they can offer high shape selectivity for the discrimination of the 
molecules based on their size during adsorption/separation processes or catalytic reactions. However, owing to the 
diffusion limitation for bulky molecules, the rate of mass transfer of substrate and product through the micropores 
is low, thus, increasing the possibility of side reactions. Besides, some bulky molecules which have larger size 
than the micropores aperture may not be able to access the zeolite framework. Consequently, steric and diffusional 
problems require the development of novel materials with improved transport properties [184].  
One idea to overcome these problems was the synthesis of large-pore zeolites. However, there are some limitations 
in the use of large-pore zeolites in industrial applications, such as low acidity, low thermal stability and 
unidirectional pore systems. As an alternative route, the preparation of hierarchical-structured zeolites has been 
developed.  
Hierarchically-structured zeolites combine at least two levels of porosity for instance, micro- and mesopores. Thus, 
due the presence of mesoporosity, diffusion limitations may be reduced while the catalytic properties of the 
micropores parent zeolite are maintained.  
Based on the origin of the additional porosity (meso- or macroporosity), zeolites with hierarchical porous structure 
are divided into three classes [185]:  
1. Hierarchical zeolite single crystals: They possess microporosity as well as an additional intra-crystalline 
mesoporosity. The building of mesoporosity in the crystals is either introduced directly during the 
formation of the zeolites crystals itself or it can be accessed via a post-synthetic modification on the pre-
formed zeolite crystals such as dealumination and desilication [185-190].  
2. Hierarchical zeolite-based composite materials: Herein, zeolites crystals are attached onto the surface 
of a carrier material which possesses the required porous structure. The features of the carrier itself may 
be various. For example, the structure of the support may be derived from a dense or porous material.   
3. Hierarchical porous aggregates: In this case, the additional porosity is derived from aggregation of 
often nano-sized crystals or crystal slabs itself. To architecture a stable porosity, the microcrystalline 
structures have to be perfectly intergrown [185]. 
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In order to synthesize hierarchical zeolites, two main approaches are used. The first is the templating method, 
which utilizes one or more templates during the crystallization of zeolites. This method is further subdivided into 
three categories, namely solid templating, supramolecular templating and indirect templating based on the natural 
properties of interface between zeolite crystals and mesoporosity of the carrier (Table 5). In the second, so called 
non-templating method, the additional mesoporous structure in the framework is achieved without any template 
but by post-synthesis methods such as metal extraction (top-down approach), aggregation of zeolite particles 
(bottom-up approach) or rearrangement [185, 191].  
Table 5: Hierarchy in zeolitic crystals with some examples [185]. 
Method  Type of template/ 
preparation method 
Materials (Zeolites) Type of porosity 
Templating  Solid MFI, Silicalite-1, ZSM-12 Micro/Meso/Macro 
  Mesoporous aluminosilicate molecular 
sieves (RMMs), Y, BEA, A, TS-1 
Micro/Meso 
 Supramolecular  MFI, LTA, CrAPO-5, TS1, Silicalite-1, 
MSU, BEA/MCM-41, MCM-41/FAU, 
MOR/MCM-41, ITQ-2, ITQ-6, Y  
Micro/Meso 
 Indirect  MFI, Y Micro/Meso 
Non-templating Demetallation  Y, MOR, MFI, FER, BEA, ZSM-12, 
MCM-22, ITQ-4, Silicalite-1 
Micro/Meso 
 
Zeolite Nanosheets (Multilamellar Zeolites) 
A particular type of nano-sized zeolites are so-called nanosheets, where the crystal thickness (b-axis) is smaller 
than the unit cell length (19.92 Å for ZSM-5). By this way, mass transfer limitations caused by the microporous 
framework pathway is ideally minimized [192]. The formation of such nanosheet is achieved by using by multi-
quaternary ammonium structure directing agents (SDA, surfactant) with a sufficiently long hydrophobic tail. 
However, the actual synthesis was unsuccessful until the generation of nanosheet-type MFI zeolite with a thickness 
of approximately 2 nm [192-194]. The SDA is localized along the b-direction in the MFI porous network, thus, 
zeolite growth proceeds in the a- and c-directions, which leads to the construction of a thin-2D zeolite layer. 
Nevertheless, the thickness can be tuned between 2 and 6 nm with the number of quaternary ammonium groups in 
the SDA. There are two possible nanosheet stackings; the first one is an ordered manner (multilamellar) and the 
other is non-ordered aggregation (unilamellar) [184, 195]. 
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Figure 15: (A) Related to the synthesis conditions, the MFI nanosheet can be regularly assembled into 
multilamellar mesostructure,  (B) or randomly stacked into unilamellar [adapted from 184]. 
Unilamellar nanosheets exhibit a mesoporous structure after the extraction of the surfactant, whereas the 
multilamellar nanosheets collapse during removal of the surfactant from the interlayer apertures and no porosity 
other than the zeolite micropores is found [192, 196].   
2.9.2 Gradient Macroporous Stainless Steel Discs (GMSD) 
One of the most promising carriers among inorganic porous materials are hierarchically-structured macroporous 
stainless steel discs [34, 197-200]. Metallic iron is not a suitable support due to its facile oxidation to ferric hydrous 
oxide upon exposure to water molecules in air. However, stainless steel shows a different behavior [37]. Stainless 
steel membranes are highly resistant against microbial contaminations and are easy to clean. Additionally, it is 
quite inert in water and shows excellent robustness and abrasion resistance to harsh environmental conditions 
including high temperature, high pressure, the presence of organic solvents and corrosion. 
The porous structure of stainless steel discs represents a proper microenvironment for enzymes. In addition, higher 
enzyme loadings, easy scale-up, reduction in diffusion limitations and pressure drop may be achieved. However, 
leaching of the enzymes from these supports may be problem due to the large pore size of the membrane. 
Therefore, several coating processes including BEA deposition are applied onto the stainless steel surface to 
prevent enzyme leaching [34].  
2.9.3 Ceramics 
Ceramics are referred to as solid, insoluble, inorganic, non-metallic materials, and generally, are constructed from 
metal oxides and/or mixed metallic and non-metallic oxides which can be achieved firing moldable initial 
mixtures. Firing process is not only a dehydration process, but also leads to deep changes in the chemical structure 
of the initial materials. Furthermore, it is mostly called “roasting” or “calcining” that implies strong heating in air 
to remove the content of all organic compounds. The ceramics are often made from aluminosilicates such as 
kaolinite [201], montmorillonite [202] besides metal or semimetal oxides such as Al2O3, TiO2, ZrO2, and SnO2. 
The porosity of the resulting ceramics differs widely as a function of the initial compound, time and firing 
temperature. When the strong heating is extended, a vitrification process along with sintering is observed which 
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leads to a reduction of the porosity. On the other hand, some products which are highly porous, such as terracotta, 
are prepared at lower temperatures. Thus, it has been suggested that there are two main parameters to synthesize a 
desired porous ceramic material for enzyme immobilization, viz. composition of the initial mixture and heating 
conditions [37, 203].    
2.9.4 Zinc Oxide (ZnO)  
Zinc oxide is a biocompatible material which has an isoelectric point (IEP) of 9.5. ZnO is a wide-bandgap 
semiconductor (Eg = 3.37 eV at 300 k) showing a large exciton binding energy. ZnO nanostructures are explored 
for potential application in industry such as, UV nanolasers [204], field emission devices [205], dye-sensitized 
solar cells [206], photodetectors [207], and electroluminescent devices [208]. ZnO nanostructures possess several 
advantages such as high specific surface area, nontoxicity, chemical stability, electrochemical activity, and high 
electron communication features. As multifunctional material, ZnO is also referred to as a suitable support for 
protein immobilization, especially for proteins with low IEPs [209]. ZnO also has the ability to catalyze the 
isomerization of glucose to fructose. It is one of the cost-effective chemical catalysts used in carbohydrate 
processes [210, 211].  
2.9.5 Metal Organic Frameworks (MOFs) 
In recent years, porous organic-inorganic coordination polymers, so called metal-organic frameworks or MOFs 
have been studied extensively. MOFs exhibit many interesting features such as; e.g., tunable pore size and shape, 
high specific surface area, and chemical and structural stability [92, 212, 213]. In previous studies, the construction 
of enzyme-MOF composites has been mainly focused on covalent linking to MOF suitable chemical moieties 
exposed on pore walls. Followingly, co-precipitation or biomimetic mineralization processes were used to create 
enzyme-MOF composites [214]. The suppression of enzyme leaching is one of the most important aspects to be 
considered when the host for composite enzyme is selected. Furthermore, intrinsic microporosity and 
interparticular mesoporosity of MOF films are playing a crucial role in overcoming this problem. This is reflected 
in recent publications dealing with protein adsorption into MOFs [214-217]. There are many applications of 
enzyme – MOF composites such as glucose oxidase – MIL-100-Fe composite used for electrocatalytic glucose 
detection, lipase – HKUST-1 composite used for esterification, hemin – MIL-101-NH2(Al) composite used for 
glucose detection, lipase – ZIF-8 composite used for kinetic resolution of (R,S)-2-octanol and catalase – ZIF-90 
used for H2O2 degradation, etc. [218]. 
2.9.5.1 Zeolitic Imidazolate Frameworks (ZIF-8) 
Zeolitic imidazolate frameworks (ZIFs) form of a subset of MOFs, characterized by an infinite network constructed 
with tetrahedrally-coordinated transition metal ion such as Co2+ or Zn2+ with bidentate imidazolate-derived linker.  
ZIF-8 is one the most studied members of this subclass due to its straightforward synthesis, high surface area 
(approx. 1500 m2/g), well-defined cage size (1.1 nm) and pore window sizes (0.34 nm), and long-term stability in 
near-neutral aqueous solution [212, 219, 220]. 
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3 EXPERIMENTAL SECTION 
3.1 CHEMICALS, REAGENTS AND ENZYMES 
Table 6: Chemicals and reagents. 
Chemicals and reagents Supplier 
0.5 M Sulfuric Acid (96 %) Merck 
1-Butanol (99.5 %) Merck Millipore 
2-Methoxyethanol (99 %) Alfa Aesar 
2-Methylimidazol Merck 
4-Nitrophenyl palmitate (pNPP) Sigma Aldrich 
Aerosil (99.8 % silica) Sigma Aldrich 
Aluminum nitrate nanohydrate (98%) Merck 
Aluminium oxide Disperal®/Dispal® 
D-(+)-Glucono-1,5-lactone TCI 
D-(+)-Glucose  Sigma Aldrich 
D-(+)-Maltose monohydrate from potato  Sigma Aldrich 
D-(+)-Saccharose Sigma Aldrich 
Deuteriumoxid 99.9 atom % D Sigma-Aldrich 
Dinitrosalicylic acid (DNS) Sigma Aldrich 
Dopamine hydrochloride (99 %) Thermo Fisher (Kandel) GmbH 
Galactose Sigma-Aldrich 
Glucose (HK) Assay Kit Sigma-Aldrich 
Glutardialdehyde Sigma-Aldrich 
Gradient porous 316 L stainless steel discs with a diameter of 
ca. 18 nm, thickness of ca. 2 mm and an average pore size of ˂ 
200 nm 
GKN Sinter Metals Filter GmbH 
Fe-BEA 25 powder Süd-Chemie 
H-BEA 25 powder Süd-Chemie 
Hexamethylenetetramine (99 %) Alfa Aesar 
Hydrogen peroxide (50 wt-%) Sigma-Aldrich 
Ludox AS 40 (40 wt.% silica) Sigma Aldrich 
Lugol solution Sigma-Aldrich 
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Chemicals and reagents Supplier 
Methanol VWR 
Mixture of acetone-d6 and acetone (1:20 and 1:25) Sigma-Aldrich/ VWR 
Monoethanolamine Sigma Aldrich 
n-Decane (99 %) Merck Schuchardt 
n-Hexane, (95 %) VWR Prolabo 
Phosphate buffer (Ph = 7.0) Sigma Aldrich 
Phosphate buffer with Triton X-100 (pH = 7.2) Sigma Aldrich 
Potassium sodium tartrate Sigma-Aldrich 
Sodium chloride Sigma Aldrich 
Sodium formate (98 %) Alfa Aesar 
Sodium hydroxide Merck 
Sodium phosphate buffer (pH = 7.2) Sigma Aldrich 
Starch from potato, acc. To Zulkowsky (starch, treated with 
glycerol at 190°C) 
Sigma Aldrich 
Tagatose Sigma-Aldrich 
Tetraethylammonium hydroxide (TEAOH, 35%) Sigma Aldrich 
Tetrapropylammoniumbromide (TPA-Br, 99 %) Merck 
Titanium (IV) isopropoxide Alfa Aesar 
Tris-HCl buffer (99 %) Roth 
Vinyl proprionate (97 %) Alfa Aesar 
Zinc acetate dihydrate Fluka 
Zinc chloride (anhydrous, 99.95 %) Alfa Aesar 
Zinc nitrate hexahydrate Sigma Aldrich 
ZnO Merck 
ZnO AC 45 L. Brüggermann KG 
ZnO Binder Alfa Aesar 
β-D-Glucose (contains α-D-glucose) TCI 
 
Table 7: Enzymes 
Enzymes E.C. Number Supplier 
Glucose oxidase from Aspergillus niger 1.1.3.4 Sigma-Aldrich 
Heat stable α-amylase from Bacillus licheniformis 3.2.1.1 Sigma-Aldrich 
Invertase from baker's yeast (S. cerevisiae) 3.2.1.26 Sigma-Aldrich 
Lipase from Aspergillus niger 3.1.1.3 Sigma-Aldrich 
Lipase from Thermomyces lanuginosus 3.1.1.3 Novozyme Corp. 
α-Amylase from Bacillus subtilis 3.2.1.1 Sigma-Aldrich 
α-Glucosidase type V from rice 3.2.1.20 Sigma-Aldrich 
β-Amylase type II-B from barley 3.2.1.2 Sigma-Aldrich 
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3.2 PREPARATION OF REAGENTS AND SOLUTIONS 
3.2.1  DNS-Reagent 
20 ml of 2N NaOH and 50 ml of deionized H2O were mixed in a beaker, and 1.0 g of 3,5-dinitro-salicylic acid was 
added. Subsequently, 30.0 g of K/Na-tartrate were added into the above mixture, which has heated in a water bath 
at 100 °C. After complete dissolution, the solution was transferred into a volumetric flask and filled up to 100 ml 
with deionized H2O. 
3.2.2  Starch solution 
For the preparation of a starch solution with c = 10 mg/ml, 500 mg of starch was mixed with 17.5 mg of NaCl and 
dissolved in 40 ml of phosphate buffer (pH = 7.0). The mixture was heated in boiling water until complete 
dissolution of the starch. After cooling down to room temperature, the solution was filled up to 50 ml with the 
buffer solution. 
3.2.3 ZnO suspension (20 wt-%) 
In order to prepare a suspension containing 20 wt-% of ZnO (Merck) or ZnO (AC 45), 16 g of ZnO binder (50 wt-
% in water, Alfa Aesar) and 8 g of the respective ZnO powder were mixed in a polypropylene bottle.  To create 
the homogeneous mixture, the suspensions were stirred continuously at room temperature until ZnO particles no 
longer accumulate at the bottom of the bottle.  
3.3 IMMOBILIZATION OF ENZYMES ON INORGANIC SUPPORTS 
Physical adsorption, cross linking with glutaraldehyde and encapsulation were employed for the immobilization 
of the enzymes studied in this thesis. 
3.3.1 Physical Adsorption 
Here, the enzymes which were used for immobilization are solid or powders dissolved in a liquid. Initially, stock 
solutions for the enzymes under study were prepared in distilled water or a buffer solution. The stock solution of 
the enzyme was applied dropwise onto the coarse layer of the inorganic support and dispensed equally over the 
surface. The solution was taken up completely by the pores of the membrane at room temperature. When required, 
vacuum was applied to accelerate the process as shown in Figure 16. However, the vacuum was adjusted carefully 
to prevent leaching of the enzyme solution from the fine layer of the membrane discs. 
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Figure 16: Schematic representation of the immobilization procedure using vacuum filtration. 
The preparation details of the stock solutions for enzymes used for physically adsorption are collected in Table 8. 
 
Table 8: Preparation of enzyme stock solutions for physical adsoption. 
Enzyme Amount of Enzyme Dissolved in 
Lipase from Thermomyces lanuginosus 50 µl 0.4 ml of phosphate buffer (pH 
7.2) 
Lipase from Aspergillus niger 5.26 mg 100 µl of distilled H2O 
α-Amylase from Bacillus subtilis 0.5 mg 100 µl of distilled H2O 
Invertase from baker's yeast (S. 
cerevisiae) 
13.2 mg 100 µl of distilled H2O 
 
3.3.2 Cross-linking with Glutaraldehyde  
In order to prevent leaching of the enzyme from the inorganic support, the cross-linking technique was applied. 
Glutaraldehyde was used to cross-link the enzyme aggregates within the pores. The slurry which has enzyme 
aggregates was applied in the same way as described above.  Using the following equation, the quantum satis of 
glutaraldehyde was calculated for each enzyme as to be 0.5 wt-% of glutaraldehyde in the resulting mixture:  
 
𝑦 =  
𝑚𝐺𝐴
𝑚𝐺𝐴 + 𝑚𝑑𝐻2𝑂
∙ 100 
 
Equation 11 
Stock solutions for each enzyme used for cross linking were prepared (Table 9). 
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Table 9: Preparation of enzyme stock solutions for cross-linking with glutaraldehyde.  
Enzyme Amount of Enzyme Dissolved in 
Heat stable α-amylase, from Bacillus 
licheniformis 
50 µl 950 µl of distilled H2O 
β-Amylase type II-B from barley 1.32 mg 100 µl of distilled H2O 
α-Glucosidase type V from rice 132 µl 100 µl of distilled H2O 
Glucose Oxidase from Aspergillus niger 13.2 mg 100 µl of distilled H2O 
 
In Table 10, the amount of stock solutions which was used for immobilization as well as the amount of 
glutaraldehyde required to obtain 0.5 wt-% glutaraldehyde in the resulting solution were shown. 
 
Table 10: Amount of enzyme and glutaraldehyde for cross-linking 
Enzyme Amount of Stock 
Solution 
Amount of Glutaraldehyde 
(0.5 wt-%) 
Heat stable α-amylase, from Bacillus 
licheniformis 
125 µl 100 µl 
β-Amylase type II-B from barley 1.32 mg 100 µl 
α-Glucosidase type V from rice 232 µl 100 µl 
Glucose Oxidase from Aspergillus niger 100 µl 100 µl 
 
 
 
3.3.3  Encapsulation 
In order to attach two inorganic supports, where the enzyme was immobilized by physical adsorption, synthetic 
silicone or another adhesive which was prepared by mixing aluminum oxide (70 wt-% of Al2O3) and acetic acid 
were used. The attachment was carried out in the position of the coated or the non-coated fine layers facing up as 
shown in Figure 17. The attached discs were incubated at 4 °C until drying. 
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Figure 17: Schematic representation of the attachment of enzyme-loaded inorganic supports with A) a 
mixture of aluminum oxide (70 wt-% of Al2O3) and acetic acid, and B) syhtetic silicone. 
In Table 11, the encapsulation details for each enzyme were summarized. 
 
Table 11: The adhesive materials used for encapsulation. 
Enzymes Encapsulation with 
Lipase from Thermomyces lanuginosus The mixture of 70 wt-% of Al2O3 and  
30 wt- % of acetic acid 
Lipase from Aspergillus niger Silicon (commercial) 
Invertase from baker's yeast (S. cerevisiae) Silicon (commercial) 
 
3.4 PREPARATION OF INORGANIC SUPPORTS VIA COATING PROCESSES 
3.4.1 In-situ crystallization  
3.4.1.1 In-situ crystallization of zeolite BEA 
Crystallization of zeolite BEA onto gradient porous 316 L stainless steel discs (GMSD) was achieved by multiple 
in-situ crystallization (Figure 18). For the synthesis of zeolite BEA, 26 g of Ludox AS 40 was employed as silica 
source and 40.78 g of TEAOH was used as template (viz. an organic structure directing agent). After mixing, the 
suspension was stirred for 60 minutes at room temperature. The TEAOH/SiO2 ratio was fixed to 0.56. Thereafter, 
2.47 g of aluminum nitrate nanohydrate and 2.53 g of distilled water were added to the above mixture resulting in 
a Si/Al ratio of 25 in the gel having the following composition:  
 
8.55 SiO2: 106.88 Al2O3: 15.0 TEAOH: 0.57 H2O 
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This mixture was stirred for another 60 minutes at room temperature. Afterwards, the gradient macroporous 
stainless steel disc was placed in a slanted position into a stainless-steel autoclave containing a Teflon liner (V= 
45 ml). The fine layer of the gradient macroporous disc was coated with zeolite BEA due to the fact that the fine 
layer of the disc was fixed upwards in the autoclave. Approximately, 30 g of aforementioned synthesis mixture 
was poured into the autoclave in order to completely submerge the stainless-steel disc. Crystallization of BEA was 
done for 72 hours in a pre-heated convection oven at 150 °C. The in-situ crystallization was repeated in the same 
way as described above for the respective stainless-steel disc. Finally, the autoclave was removed from the oven 
and cooled down to room temperature. The BEA coated stainless steel disc was removed from the autoclave and 
washed with distilled H2O until removing all unconnected beta powder from the disc. The excess BEA powder 
was also washed three times with distilled H2O and separated by centrifugation at 10000 rpm for 25 minutes. The 
supernatant was removed carefully. Then, the BEA coated stainless steel disc and the excess beta powder was 
dried at 70 °C. Characterization of BEA powder and the BEA coated disc was carried out by X-ray diffraction 
(XRD) and scanning electron microscopy (SEM).  
 
 
Figure 18: Schematic representation of the BEA crystallization procedure onto gradient macroporous 
stainless steel membrane 
3.4.1.2 Calcination of Zeolite BEA-coated onto Gradient Macroporous Stainless Steel Disc 
In order to remove the organic template, calcination is required. For calcination, the BEA-coated stainless steel 
disc was fixed into the glass tube of the calcination oven. Nitrogen gas with a flow rate of 60 ml/min was passed 
through the coated surface of the disc during calcination. Calcination was performed up to 400 °C with a heating 
rate of 0.2 °C/min. After reaching the required temperature, the oven was kept isothermal for 16 hours. Finally, 
the oven was cooled to room temperature with a cooling rate of 0.3 °C/min.   
3.4.1.3 In-situ Crystallization of Ti-MFI  
Deposition of Ti-containing MFI zeolite onto the gradient macroporous stainless steel membrane was achieved 
via multiple in-situ crystallization in a similar way than the multiple in-situ BEA crystallization (Figure 19). 
Initially, 6.8 mg of NaOH was mixed with 23.5 mg of deionized H2O in a polypropylene bottle (PP). Under stirring, 
tetrapropylammoniumbromid (TPA-Br) was added slowly into the synthesis mixture. The obtained solution was 
stirred for at least 20 minutes. Meanwhile, 20 g of deionized H2O was put into another beaker and H2SO4 was 
added dropwise into the beaker. The mixture was stirred for 10 minutes. Titanium (IV) isopropoxide was added to 
the diluted H2SO4 solution and stirred until totally dissolved. Afterwards, this solution was added to the first 
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mixture in the PP bottle by stirring for at least 1 hour at 60 °C. The last step was the slow addition of aerosil which 
results in an Si/Al ratio of 50, and further stirring for one hour at 60 °C. The molar gel composition is: 
1 SiO2: 0.02 TiO2: 0.3 Na2O: 40 H2O: 0.18 H2SO4: 0.1 TPABr 
Finally, ca. 30 g of the mixture was transferred into a stainless-steel autoclave containing a Teflon liner (45 ml). 
The gradient macroporous stainless steel membrane was placed into the autoclave in the position with the course 
layer facing upwards. Crystallization of the Ti-MFI sample was performed for 72 hours in a pre-heated convection 
oven at 150 °C. At the end of the crystallization time, the autoclave was removed from the oven and cooled down 
to room temperature. The Ti-MFI coated stainless steel disc was taken out from the autoclave and washed with 
distilled H2O until all Ti-MFI excess is removed from the disc. The excess Ti-MFI powder was also washed three 
times with distilled H2O and recovered by centrifugation at 10000 rpm for 25 minutes. The supernatant liquid was 
discarded. 
Then, the Ti-MFI coated stainless steel disc and the excess powder were dried at 70 °C. In order to remove the 
organic template, the samples were calcined as described above. Characterization of the excess powder and the 
coated disc was carried out by X-ray diffraction (XRD) and scanning electron microscopy (SEM). 
  
3.4.2 Lamination of a Gradient Macroporous Stainless Steel Disc by Deposition of 
Mesoporous Silicon Dioxide via Sol-gel Slip Coating 
In this part, the preparation of mesoporous silica gel and the coating process onto a gradient macroporous stainless 
steel disc via sol-gel slip coating method are described. Initially, a 500 ml round flask was filled with 56.04 g of 
tetraethylorthosilicate, 49.707 g of anhydrous ethanol and 4.88 g of distilled H2O. The solution was stirred for 2 
hours at 400 rpm by using a magnetic stirrer. Afterwards, 0.2 ml of 0.07 M hydrochloric acid was added in order 
to adjust the pH value to 4. The molar composition of this mixture was 1 SiO2: 5.3·10 -5 HCl: 1.3 H2O: 8.1 EtOH. 
In order to obtain a clear sol, the mixture was stirred at 400 rpm for further two hours under reflux at 60 °C by 
using an oil-bath as heater. This sol was stored as an intermediate product in the refrigerator. Then, 40 ml of the 
sol was transferred into a new 500 ml round flask and 4.0 g of cetyltrimethylammonium bromide surfactant 
(CTAB) and 7 ml of 0.07 hydrochloric acid were added. The mixture was stirred at 400 rpm with a buckler for 5 
hours (until CTAB is completely dissolved). The concentration of the surfactant was chosen low enough to avoid 
formation of micelles. Meanwhile, the pH value decreased to 2. The final molar composition of this mixture was 
1 SiO2: 0.10 CTAB: 4.5·10-3 HCl: 4.9 H2O: 8.1 EtOH. After 5 hours, the gel was aged at 50 °C without stirring 
Figure 19: Schematic representation of the Ti-MFI deposition onto the gradient macroporous stainless 
steel disc 
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for 68 hours. It was further aged at room temperature for 3 h until it became viscous and fluidal. Finally, the 
solution was diluted with anhydrous ethanol (4 Solution = 1 EtOH). This sol was stored in a refrigerator for further 
use over several months. The coating process was carried out with the help of a pair of tweezers in a laminar flow 
hood (ESCO, Airstream Horizontal Laminar Flow Cabinets). The fine layer of the disc was plunged up to fifty 
percent into the solution for several seconds, slipped away horizontally and dried vertically at room temperature 
for 30 minutes. The following drying step was carried out at 100 °C for another 30 minutes. This process was 
continued until the whole surface was covered homogenously with a fine layer. The amount deposited was 
determined by weighting the disc.   
3.4.3 Deposition of ZIF-8 Films onto the Primer-Modified Surface of Gradient 
Macroporous Stainless Steel Discs  
3.4.3.1 Deposition of Poly-Dopamine Primer  
Dopamine was polymerized under controlled pH to poly-dopamine overnight at room temperature reacting with 
OH groups on the surface to be covered with ZIF-8. Initially, 2 mg/ml of an aqueous solution of dopamine (3,4-
dihydroxy-L-phenylalanine) and 10 mM of tris-HCI buffer (pH= 8.5) were prepared. Polymerization of dopamine 
onto the fine layer of the gradient macroporous stainless steel disc was accomplished via the oxidation of –OH 
groups to –C=O resulting in a color change from transparent to pale brown. 
3.4.3.2 ZnO Primer Deposition/ Activation 
For ZnO primer deposition/activation onto the fine layer of the stainless-steel discs, the following procedure was 
performed: 
1. Seeding of ZnO on the surface 
8.3 g of zinc acetate and 48 ml of EGME (2-methoxyethanol) were mixed at 375 K. Then, 2.4 ml of MEA 
(monoethanolamine) was added drop by drop into the solution. This mixture was aged for 10 h to create a stable 
sol contains 14 wt-% of ZnO. The surface of the disc (substrate) was seeded with this sol and dried 2 h at 673 K. 
This process was repeated three times. 
2. Growth of ZnO from the seeds. 
The substrate covered with seeds was immersed in 40 ml of an aqueous solution of 569 mg of 
hexametylenetetramine (4 mmol) and 600 mg of zinc nitrate (2 mmol) for 6 h at 373 K. 
3. Activation of ZnO surface. 
The substrate was immersed in an aqueous solution of 2-methylimidazole (0.5 M) for 2.5 h at 323 K. 
Step 1: Hydrothermal Synthesis 
Seeds were prepared via solvothermal synthesis for 24 h as described above on the primer-modified surface. At 
first, 538 mg of ZnCl2, 648 mg of 2-methyl-imidazole and 200 mg of sodium formate were mixed. Thereafter, 60 
ml of methanol was added in an ultrasonic bath. Finally, the mixture was incubated in a stainless-steel autoclave 
for 24 h at 358 K. 
Step 2: Low Concentration Sequential Growth at RT 
Here, close ZIF-8 films were created by closing the gaps between the large crystals via sequential growth. 
Therefore, a 50 mM the solution of 2-methyl-imidazole in methanol, a 25 mM zinc nitrate methanolic solution and 
a 50 mM sodium formate methanolic solution were prepared. The primer-functionalized surface was immersed in 
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the ratio 1:2:1 (metal: linker: formate) of the solutions listed above for 45 minutes in an ultrasonic bath at room 
temperature. Afterwards, the solid part was removed via filtration and finally dried for 15 minutes at 373 K.  
3.4.4 Spray Coating  
3.4.4.1 Deposition of ZnO Nanoparticles on Gradient Macroporous Stainless Steel Disc 
via Spray Coating 
The ZnO slurry was deposited onto the stainless-steel discs with the help of a spray pistol (Figure 20). First of all, 
the disc was mounted between two brackets followed by heating of the surface to 40 °C by a dryer. Thereafter, the 
stirred ZnO suspension was applied onto the course layer of the disc by using the spray pistol at a distance of 15 
cm between the pistol and the surface. The spray coating must proceed very quickly to avoid cooling of the 
preheated surface. To achieve the same deposition amounts on each spray process, similar conditions have to be 
preserved. It was stipulated that the spray time is only one second and the substrate feed is sufficient for each 
cycle. The back pressure of the spray pistol was adjusted to 1 bar. Finally, the ZnO covered discs were calcined 
under nitrogen at 400 °C for 16 hours. 
 
Figure 20: Schematic drawing of the spray coating technique. 
3.4.5 Drop Coating 
3.4.5.1 Deposition on Gradient Nanoporous Ceramic Discs  
First, the ZnO binder suspension was dropped onto the gradient nanoporous ceramic disc with the help of a pipette.  
Prior to the coating process, the surface of the ceramic disc was heated to around 40 °C by a dryer. Afterwards, 
125 μl of ZnO binder suspension was applied dropwise onto the course layer of the disc. Finally, the disc was 
calcined under nitrogen at 400 °C for 16 hours.  
3.4.5.2 Deposition on Gradient Macroporous Stainless Steel Discs 
First, the non-coated and TiO2-coated stainless-steel discs were preheated to around 40 °C by using a dryer. 0.1 
mg of each catalysts (Table 12) were mixed with 0.0.1 mg of Al2O3 binder and grinded for around 5 min, followed 
by addition of 2 ml of distilled H2O to the above-mentioned mixture, which results in the formation of slurry. The 
obtained slurry was applied drop by drop onto the course layer of the discs under vacuum suction (Figure 21). 
Finally, the membrane was calcined as described above. 
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Figure 21: Illustration of the drop coating process. 
Table 12: Coating of Chemical Catalysts on Gradient porous 316 L Stainless Steel Discs 
Chemical Catalysts Compositions Source/ Supplier 
Ti-MFI (Na-form)1 1 SiO2: 40 H2O: 0.3 Na2O: 0.18 H2SO4: 0.1 TPA: 0.02 TiO2 prepared by 1 Dr. V. 
R. Reddy Marthala 
Ti-MFI-NS (Na-
form)1 
1 SiO2: 40 H2O: 0.3 Na2O: 0.18 H2SO4: 0.1 C22-6-6: 0.02 TiO2 prepared by 1 Dr. V. 
R. Reddy Marthala 
Sn-MFI (Na-form)1 1 SiO2: 40 H2O: 0.3 Na2O: 0.18 H2SO4: 0.1 TPA: 0.008 SnO2 prepared by 1 Dr. V. 
R. Reddy Marthala 
Sn-MFI-NS (Na-
form)1 
1 SiO2: 40 H2O: 0.3 Na2O: 0.18 H2SO4: 0.1 C22-6-6: 0.01675 
SnO2 
prepared by 1 Dr. V. 
R. Reddy Marthala 
Ga-MFI (Na-form)1 1 SiO2: 40 H2O: 0.3 Na2O: 0.18 H2SO4: 0.1 TPA: 0.01 Ga2O3 prepared by 1 Dr. V. 
R. Reddy Marthala 
Ga-MFI-NS (Na-
form)1 
1 SiO2: 40 H2O: 0.3 Na2O: 0.18 H2SO4: 0.1 C22-6-6: 0.01 
Ga2O3 
prepared by 1 Dr. V. 
R. Reddy Marthala 
MFI-NS (H-form)2 1 SiO2: 40 H2O: 0.3 Na2O: 0.2 H2SO4: 0.1 C22-6-6: 0.005 
Al2O3 
prepared by2 Dr. 
Albert Machoke 
 
3.5 PHYSICO-CHEMICAL CHARACTERIZATION 
3.5.1 Powder X-Ray diffraction  
A Philips analytical X-ray diffractometer employing Cu-Kα radiation (40 kV, 40 mA) was used to analyze the 
samples [221, 222]. For the non-coated, zeolite-coated and ZnO-coated stainless steel discs, the XRD patterns 
were recorded in the 2θ range between 2° and 50° with a step size of 0.03° per 10 seconds for 270 minutes while 
the patterns were recorded between 2θ= 1° and 6° with a step size of 0.01° per 10 seconds for 83 minutes in the 
case of the SiO2-coated stainless steel discs. For zeolite powders, the 2θ range between 2° and 50° was scanned 
with a step size of 0.02° per 1 second for 40 minutes. 
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3.5.2 Scanning Electron Microscopy (SEM) 
The samples were analyzed using a Carl Zeiss ULTRA55 electron microscope at an electron high tension (EHT) 
value of 3 kV in the Institute of Particle Technology of FAU Erlangen-Nürnberg [223, 224]. 
3.5.3 N2 Sorption Measurements  
In order to determine the pore volume, specific surface area and the pore size distribution of the porous substrates, 
N2 sorption measurements were performed at 77 K using a Quadrasorb SI instrument from Quantachrome 
instruments. Initially, the samples were evacuated at 300 °C at the rate of 1 °C per minute and kept isothermal at 
this temperature for 12 hours, using a MasterPrep equipment. The obtained data were analyzed via the 
Quantachrome Quadrawin software. The specific surface area was calculated from the nitrogen sorption data by 
using the Brunauer Emmett Teller (BET) equation at relative pressures (p/p0) below 0.2. The total pore volume 
was calculated at p/p0= 0.9, whereas the micropore volume was obtained using the t-plot method. The pore size 
distribution was calculated using the DFT method for N2 at 77 K. 
3.5.4 Gas Chromatography 
A Varian 3900 gas chromatograph equipped with a CP-sil5 fused silica column and a FID with patented ceramic 
flame tip for detecting hydrocarbons was used for vinyl propionate (VP), butyl propionate (BP) and 1-butanol 
[225]. For each sample, the chromatogram was recorded for 15 minutes. From the chromatogram, FID factors of 
the components, conversion of reactant and yield of the product were calculated.  
3.5.4.1 Determination of FID Factors for Vinyl Propionate, Butyl Propionate and 1-
Butanol 
In order to determine the FID factors of each component, the GC was calibrated using the relative calibration 
method with decane as an internal standard. FID factors determined by experiment were preferred instead of the 
theoretical values, because FID factors may be different depending on the GC instrument used. Here, the FID 
factors were calculated for butanol, vinyl propionate (VP) and butyl propionate (BP) in the following way: 0.1 ml 
of each component was mixed with 0.146 g of decane as internal standard and transferred into a 25 ml bottle and 
diluted with acetone. The amount of each component was increased gradually while the amount of the internal 
standard was kept constant. Thus, the FID factor of the desired component was calibrated with regards to the 
internal standard.  
 
The FID factors of the components were calculated to 1.710515 for vinyl propionate, 1.330933 for 1-butanol and 
1.436176 for butyl propionate.  
 
Using the FID factors and GC peak areas, the conversion of VP, 1- butanol and the yield of BP were calculated by 
using the following equations:  
 
𝑚𝑖 =  
𝐹𝐼𝐷𝑖 . 𝐴𝑖 . 𝑚𝐷𝑒𝑐𝑎𝑛𝑒
𝐴𝐷𝑒𝑐𝑎𝑛𝑒
  
Equation 2 
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𝑋𝑖 =  
100. (𝑛𝑖,0 − 𝑛𝑖)
𝑛𝑖,0
=  
100. (𝑚𝑖,0 − 𝑚𝑖)
𝑚𝑖,0
 
Equation 3 
𝑌𝐵𝑃 =  
100. (𝑛𝐽)
(𝑛𝑖,0 − 𝑛𝑖)
=  
100. (𝑚𝐽)
(𝑚𝑖,0 − 𝑚𝑖)
 
Equation 4 
Equation 2 is used to determine the mass of component i in sample, while equation 3 is used to calculate the 
conversion of VP or butanol and equation 4 is used to calculate the BP yield. 
Where,  
  FIDi: calculated FID factor for component i (VP, Butanol, BP) 
  Ai/decane: GC peak area for a component i/decane 
  mDecane: total amount of n-decane in the reaction mixture 
  𝑛𝑖,0: reactant amount in the initial of the reaction in mol 
  𝑚𝑖,0: reactant amount in the initial of the reaction in g 
  𝑛𝑖: reactant amount at the end of the reaction in mol 
  𝑚𝑖  : reactant amount at the end of the reaction in g 
  𝑛𝑗: product amount at the end of the reaction in mol 
  𝑚𝑗: product amount at the end of the reaction in g 
3.5.4.2 Transesterification Reaction with Lipase-encapsulated on Non-coated and Zeolite 
BEA-Coated Gradient Macroporous Stainless Steel Discs 
As a test reaction, transesterification of vinyl propionate (VP) with 1-butanol was employed to determine the 
activity of TLL immobilized in attached, non-coated or BEA-coated stainless steel discs (Figure 22). n-Hexane 
was used as solvent while decane was employed as internal standard.  
In a typical experiment, 2 nmol of VP (217.8 µl) and 2 nmol of 1-butanol (183.06 µl) were added to 30 ml of 
hexane and 50 µl of n-decane. A specified glass reactor (Figure 23), was used for the transesterification reaction. 
It may be used with a single disc or two attached discs. 
 
Figure 22: Lipase catalyzes  the transesterification of vinyl propionate with 1-butanol to butyl propionate 
and propionic acid. 
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Figure 23: Glass reactor used in the transesterification for lipase-immobilized discs. 
The glass reactor was placed in the oil bath heated at 40 °C. The transesterification reaction was observed until 
reaching constant values by stirring the reaction mixture at 500 rpm. At regular intervals, 25 µl of sample was 
collected, mixed with acetone and subsequently analyzed by gas chromatography. The lipase-immobilized discs 
were used one more time for the experiment describe above to analyze the reusability. 
3.5.5 UV-Vis Absorption Spectroscopy 
3.5.5.1 TLL Activity Tests via p-Nitrophenol Assay  
In order to test the activity of TLL, the p-nitrophenol assay was chosen. In this assay, lipase catalyzes the hydrolysis 
of 4-nitrophenyl palmitate (pNPP) (substrate) to produce p-nitrophenol which is analyzed at a maximum 
absorption wavelength of 399 nm by UV/Vis spectrophotometry. Initially, 0.01 mol of pNPP dissolved in 2-
propanol as well as 0.1 mol of sodium phosphate buffer containing 0.15 mol of sodium chloride and 0.5 % (v/v) 
Triton X-100 buffer (pH = 7.2 at 25 °C) were prepared. As a reference solution, 2 ml of Triton X buffer was 
transferred into the cuvette. In theory, the absorbance of the reference solution is zero due to the lack of light 
absorption by the buffer. When the baseline is stable at zero during the reference measurement, 2 ml of Triton 
buffer, 250 μl of solution from the leaching test containing the leached enzyme lipase, and 150 μl of pNPP substrate 
were added to a cuvette and shaken gently a few times. The UV/Vis measurement was monitored at 399 nm for 
10 minutes. Consequently, the amount of lipase leached from the attached discs was calculated by using the 
Absorption per minute value (Abs/min) applying the following equation: 
  Equation 5 
 
𝑈𝑛𝑖𝑡𝑠
𝑚𝑙
𝑙𝑖𝑝𝑎𝑠𝑒 =  
(∆𝐴399 𝑛𝑚/ min 𝑇𝑒𝑠𝑡 − ∆𝐴399 𝑛𝑚/ min 𝐵𝑙𝑎𝑛𝑘). (𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎𝑠𝑠𝑎𝑦[𝑚𝑙]). 𝑑𝑓
0.00987(𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑒𝑛𝑧𝑦𝑚𝑒 𝑢𝑠𝑒𝑑[𝑚𝑙])
 
Where,  
ΔA399nm = Absorption/min at λ399nm 
df = dilution factor 
0.00987 = Micromolar extinction coefficient of p-nitrophenyl phosphate at λ399nm 
1 Unit is defined as the amount of lipase that liberates 1.0 nmol of p-nitrophenol per minute under standard 
conditions (pH at 7.2 at 25 °C, with Triton X-100 as an emulsifier and pNPP as substrate) [226, 227]. 
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3.5.5.2 Characterization of Lipase from Aspergillus niger by UV-Vis Spectroscopic 
Measurement 
Initially, different concentrations of lipase (c = 0.01 - 0.05 mg/ml) within 15 ml of triton X buffer (pH = 7.2) were 
prepared and measured at the wavelength range between 173 nm and 1100 nm. Finally, the best linear fit was 
observed at 295 nm (Figure 24).   
 
Figure 24: Plot of the lipase concentration versus absorbance at λ= 295 nm. 
3.5.5.3 Determination of p-Nitrophenol Concentration by UV-Vis Spectroscopic 
Measurement 
The UV absorbance of p-Nitrophenol was also determined at concentrations between 0.2 and 1.0 mM in the 
phosphate buffer (pH = 7.2) by UV-Vis spectroscopic measurements. For p-nitrophenol, the best linear fit was 
observed as 375 nm (Figure 25). 
 
Figure 25: Plot of p-nitrophenol concentration versus absorbance at λ= 375 nm. 
 
 
57 
 
3.5.5.3.1 In-situ UV-Vis Spectroscopic Measurement of the Hydrolysis of p-Nitrophenyl 
Palmitate to p-Nitrophenol, catalyzed by Lipase from Aspergillus niger, immobilized on ZIF-
8 coated on GMSD 
Lipase containing ZIF-8 coated discs were fixed in a glass bioreactor which was filled with 15 ml of substrate 
solution (14.06 ml of triton X buffer and 0.94 ml of p-NPP (10 mM in 2-propanol) at pH=7.2). The UV-Vis 
absorbance was monitored under darkness using by a UV-sensor connected to the spectrometer at room 
temperature until reaching a constant absorbance value at 375 nm. 
3.5.5.4 Calibration of 3,5-Dinitrosalycylic Acid (DNS) and Glucose Amounts by in situ 
UV/Vis Spectroscopy 
The amount of glucose and maltose derived from the hydrolysis of starch catalyzed by α-amylase were determined 
by using DNS reagent at 90 °C employing UV-Vis spectrophotometry.  
 
A real-time monitoring of the glucose and maltose yield (reducing sugars) was intended by UV-Vis 
spectrophotometry the linear region of the operational wavelength. Thus, as a first step, the optimum operational 
wavelength and reaction time were identified by the calibration of glucose and DNS which is not stable for 
incubation at 90 °C or higher degree after a certain period of time (228). In order to calculate the quantities of the 
reducing sugars by using a linear equation, an operational wavelength was chosen at a common point of the linear 
increments of glucose and DNS amounts versus absorbance at a range of wavelength between 173 nm and 1100 
nm. Consequently, glucose and DNS standard graphs were obtained at the identified operational wavelength and 
both were used to calculate the amount of product.  
For the glucose standard graph, five samples of glucose having concentrations between 0.2 and 1.8 mM prepared 
in 20 vol.-% of DNS reagent were measured at different wavelengths between 173 and 1100 nm. These solutions 
were incubated at 90 °C and analyzed with a UV/Vis sensor (Optical Immersion Probe; Hellma Analytics) 
connected to the spectrometer. During the incubation, the redox reaction was real-time monitored until a constant 
value was reached.  
For the DNS standard graph, DNS reagent between 5 and 20 vol.-% were prepared in glucose solution (c = 1 mM). 
The reaction was monitored as described above. In order to decrease the potential errors and allow a more accurate 
product yield determination, both calibration graphs were used and finally, an average value was calculated as 
result. At a wavelength of 554 nm, both graphs are linear within a suitable concentration range.  
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Figure 26: (a) Glucose calibration graph: The average absorbance value for 0.2 mM glucose is 0.14 at 
20% of DNS reagent. (b) DNS calibration graph: The average absorbance value for 0.2 mM glucose is 0.17 at 
20 vol.-% of DNS reagent. 
3.5.5.4.1 Determination of the activity of α-Amylase 
Initially, a stainless steel disc containing immobilized α-amylase was placed into the reactor and fixed with a rubber 
band. The coarse layer was facing upside. To prevent the interference of DNS with the reaction medium, the 
absorbance of 20 vol.-% of DNS reagent was monitored at 554 nm and 90 °C. After a certain period of time (10-
15 min), the absorbance reached a constant value, which was saved as blank.  The following step was the 
determination of the activity of α-amylase immobilized on the stainless-steel disc by in situ UV/Vis measurement. 
The temperature of the bioreactor was set to 40 °C using a circulating water bath. 20 ml of starch solution (c = 1 
mg/ml) flowed through the coarse layer of the membrane by gravitation which was controlled using a valve. The 
product was collected dropwise in a glass beaker, which contained 30 ml of DNS reagent. The initial volume of 
DNS reagent was calculated to obtain the final volume as 20 vol.-% at the end of the dropping of the substrate 
solution. The redox reaction between DNS and the reducing sugars was followed by UV-Vis spectroscopy until a 
constant value is reached. While the starch solution was passed through the membrane by gravitation, a 
characteristic reaction time was defined for each application.  
In the first few minutes (max. 21 minutes), the absorbance at 554 nm increased linearly until reaching a constant 
value. This constant absorbance value was used to calculate the total amount of reducing sugars produced. Finally, 
the activity of α-amylase immobilized on the disc was calculated using equation 6: 
𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
𝑛𝑔𝑙𝑢𝑐𝑜𝑠𝑒  /𝑡
𝑉𝛼−𝑎𝑚𝑦𝑙𝑎𝑠𝑒  
 
Equation 6 
[nglucose] = ml, [t] = min, Va-amylase = 0.1 ml 
1 Unit (U) is defined as the amount of a-amylase that liberates 1.0 µmol of glucose per minute at pH 7.0 and 40 
°C. In order to compare the yields of glucose formed over the immobilized α-amylase and over native α-amylase, 
a reference measurement was carried out in the same way as the activity test.  
3.5.5.4.2 Leaching Test  
Leaching tests were carried out in order to determine the amount of α-amylase leached from the disc during the 
reaction. Here, 20 ml of dH2O was used as substrate solution in the reactor. The solution passed through the disc 
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and was collected in an empty beaker (Solution A). In the meantime, the reference solution was prepared to 
calculate the starting amount of enzyme: 0.1 ml of enzyme (c = 5 mg/ml) was diluted in 19.5 ml of dH2O (Solution 
B). The procedure of the leaching test is summarized in Table 13. At the end of the reaction, the amount of DNS 
reagent reached 20 vol.- %. The amount of leached enzyme was calculated by using Equation 6. 
 
Table 13: Amount of reagent used in the leaching test. 
 Blank  Reference  Sample  
dH2O 0.5 ml 0.5 ml 0.5 ml 
Starch Solution (c = 10 mg/ml) 0.5 ml 0.4 ml 0.4 ml 
Solution A - 0.1 ml - 
Solution B - - 0.1 ml 
- Stir for 10-15 seconds 
- Incubation at 40°C for 5 minutes. 
DNS Reagent                           1.0 ml           1.0 ml 1.0 ml 
dH2O                          3.0 ml           3.0 ml 3.0 ml 
- Stir for 10-15 seconds 
- Incubation at 90 °C for 10 minutes. 
 
3.5.5.5 Calibration of Starch  
Lugol’s iodine was used to determine the amount of starch in an aqueous solution. 𝐼3
− ions slide into the starch 
coils and changed the color of the solution to blue or dark-blue. 
For calibration, solutions with different starch concentrations were prepared. These solutions were mixed with 1.0 
ml of dH2O and 5 µl of lugol solution. Hence, the intensity of the absorption at 570 nm was determined by a UV-
Vis spectrophotometer in order to obtain a calibration graph. 
 
 
Figure 27: Calibration graph of starch.  
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G6-PDH 
3.5.5.6 Calibration of Glucose via Glucose Assay Kit 
Several solution of glucose concentrations between 0.1-1.0 mg/ml were prepared. In this test, 0.5 ml of glucose 
sample was mixed with 1.5 ml of the assay reagent and this mixture was incubated at room temperature for 15 
minutes. Afterwards, the absorbance was measured at a wavelength of 340 nm. The amount of glucose in the 
samples was determined by the glucose assay kit: 
 
1) Glucose + ATP                                      G-6P + ADP 
 
2) G-6P + NAD                                        6-Phosphogluconate + NADH   
The first reaction step describes the phosphorylation of glucose by adenosine triphosphate into glucose-6-
phosphate catalyzed by the enzyme hexokinase. The product is then oxidized to 6-phosphogluconate whereas NAD 
reduces to NADH catalyzed by glucose-6-phosphate dehydrogenase. Consequently, the reduced amount of NADH 
is proportional to the amount of glucose. 
 
Figure 28: Calibration graph for glucose. 
In Figure 28, the absorbance is plotted as a function of the glucose concentration.  
3.5.5.6.1 Determination of Optimum Operational Temperature for Invertase  
In order to determine the activity of invertase, 1.9 ml of sucrose (c = 1 mg/ml) and 0.1 ml of invertase (c = 5 
mg/ml) were mixed in glass vials and heated to different temperatures in a water bath. The reaction was run for 30 
minutes and stopped by addition of 0.5 ml of 0.5 M H2SO4. Thereafter, the collected samples were incubated in 
the water bath. 0.5 ml of the sample was mixed with 1.5 ml of glucose assay kit reagent and the reaction was run 
for 15 minutes. Afterwards, the absorbance of each sample was determined at λ = 340 nm. By using the calibration 
graph (Figure 28), the glucose amount was calculated for each sample from the measured absorbance.  
 
 
Hexokinase 
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3.5.5.6.2 Hydrolysis of Sucrose by Invertase Immobilized on Gradient Nanoporous Ceramic 
discs 
The glass bioreactor was filled with 25 ml of the substrate solution following by the fixation of the attached ceramic 
discs. The reactor was heated to 55 °C and the solution was stirred at 600 rpm. For the leaching test, a second 
reactor was filled with 25 ml of dH2O. Both reactions were run for 24 hours. 200 µl of sample was collected every 
hour for five hours and the last samples were taken after 24 hours. For the determination of the leached enzyme 
amount, 0.1 ml of sample and 1.9 ml of sucrose solutions (c = 1 mg/ml) were mixed and incubated for 30 minutes 
in a water bath at 55 °C. 0.5 ml of 0.5 M H2SO4 was added to the test tubes to terminate the enzyme reaction. By 
following to the protocol of the calibration, six samples from the activity test and another six samples from the 
leaching test were analyzed by UV-Vis spectrophotometry at λ = 340 nm. For this measurement, 200 µl from each 
sample was inserted into the glass cuvettes and 1 ml of the glucose assay kit reagent was added. After incubating 
the sample for 15 minutes, the absorbance at a wavelength of 340 nm was recorded. 
3.5.6 H2O2 Calibration using pH Meter 
In order to plot a calibration graph of the H2O2 concentration versus pH, different concentrations of H2O2 were 
prepared and pH was determined using a pH meter (Figure 29). 
The pH values decrease linearly with increasing amount of hydrogen peroxide in the solution. 
 
Figure 29: Concentration of H2O2 versus pH value. 
3.5.6.1 Optimum Operational Temperature for Glucose Oxidase  
Initially, stock solutions with glucose oxidase and ß-glucose concentrations of 5 mg/ml and 10 mg/ml, respectively, 
were prepared. In order to determine the optimum temperature for glucose oxidation, the samples were incubated 
at different temperatures (50, 55, 60, 65 °C) in a water bath for 15 minutes. The pH values were recorded every 
90 seconds during the reaction.  
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3.5.7 Permeance Measurements 
This test is performed in order to determine the permeability for each membrane used in the catalytic tests. Initially, 
the membranes were captured between two metal rings using silicone. The upper part was connected to the helium 
(He) or nitrogen (N2) gas supply. The lower part was connected to a glass graduated cylinder containing liquid 
soap. The test was executed separately for both inert gases. The gasses were passed through the support under a 
certain pressure, which should not exceed 1 bar. The membrane was mounted in such a way that the inert gases 
can flow from the course layer to the fine layer.  
The permeance was calculated from equation 7. 
𝑃 =  
𝑁𝑖
∆𝑝𝑖 ∙ 𝐴𝑖
 ; [𝑃] =  (
𝑚𝑜𝑙
𝑚2 ∙ 𝑠 ∙ 𝑃𝑎
) =  
(
𝑚𝑜𝑙
𝑠 )
(𝑃𝑎) ∙ (𝑚2)
 
 
Equation 7 
The surface area of membrane 𝐴𝑖 with a diameter of 18 mm was calculated to 254.5 mm
2. Using by the density 
and molar mass of helium and nitrogen, the amount of substance 𝑛𝑖 was determined from the time required to pass 
through a volume of 200 ml.  
𝑚𝑖, 20°𝐶 = 𝜌𝑖, 20°𝐶 ∙ 𝑉𝑖; [𝑚𝑖, 20°𝐶] =  (
𝑘𝑔
𝑚3
) ∙ (𝑚3) = 𝑘𝑔  
  
                Equation 8 
𝑛𝑖, 20°𝐶 =
𝑚𝑖, 20°𝐶
𝑀𝐴𝑖
 ; [𝑛𝑖, 20°𝐶] =
(𝑔)
(
𝑔
𝑚𝑜𝑙)
= 𝑚𝑜𝑙 
             Equation 9 
The equation for the permeate flow rate of component ἱ, 𝑁𝑖  is: 
𝑁𝑖 =  
𝑛𝑖
𝑡𝑖
; [𝑁𝑖] = (
𝑚𝑜𝑙
𝑠
) =  
(𝑚𝑜𝑙)
(𝑠)
 
              Equation 10 
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Table 14: Results of the permeance measurements membrane with the deposition amounts. 
Membrane              Helium                   Nitrogen 
         Permeance /              Permeance / 
    (𝑚𝑜𝑙/𝑚2∙𝑠𝑒𝑐∙𝑃𝑎)         (𝑚𝑜𝑙/𝑚2∙𝑠𝑒𝑐∙𝑃𝑎) 
Amount of catalyst 
deposited / mg 
Non-coated stainless steel 
membrane 
1.69E-04 1.79E-04 - 
Zeolite BEA coated stainless 
steel membrane 
5.29E-05 3.85E-05 - 
ZnO (from Merck) coated 
stainless steel membrane 
4.05E-05 2.89E-05 3.4 
ZnO (AC 45) coated stainless 
steel membrane 
4.49E-05 3.23E-05 4.7 
ZnO binder coated ceramic 
membrane 
3.64E-06 1.72E-06 7.2 
Ti-MFI coated stainless steel 
membrane 
5.77E-05 2.04E-05 5.0 
Ti-MFI-NS coated stainless 
steel membrane 
3.34E-05 2.09E-05 5.0 
Sn-MFI coated stainless steel 
membrane 
6.39E-05 5.61E-05 3.3 
Sn-MFI-NS coated stainless 
steel membrane 
6.86E-05 4.71E-05 2.6 
SiO2 coated stainless steel 
membrane 
2.53E-05 1.79E-05 6.7 
 
Diameter of graduated cylinder R = 35mm 
Surface area of membrane A = 0.000254469 m2 = 254.469 mm2 
Density of Helium ρ He,20°𝐶 = 178.5 g/m3 
Molecular weight of Helium 𝑀𝐴,He = 4.002602 g/mol 
Density of Nitrogen ρ𝑁2,20°𝐶 = 1251 g/m3 
Molecular weight of Nitrogen 𝑀𝐴,N2 = 28.0134 g/mol 
 
3.5.8 Proton Nuclear Magnetic Resonance Spectroscopy (1H-NMR) 
Nuclear magnetic resonance (NMR) spectra of organic samples were recorded in d6-D2O (99.9% purity) on a JEOL 
ECX 400 MHz spectrometer at room temperature (298 K). The 1H resonance was measured at frequencies of 
400.13 MHz. Chemical shifts are analyzed using the mixture of acetone/ acetone d6 [= 1 / 25] as an internal 
standard. 
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3.5.8.1 pH Calibration of D-glucono-1,5-lactone 
For calibration, D-glucono-1,5-lactone solutions were prepared at various pH values between 3 and 12 and 
analyzed by 1H-NMR (Figure 30). 
 
Figure 30: Exemplary 1H-NMR spectrum of D-glucono-1,5-lactone at 298 K and pH = 7.4. 
At a pH of 11, corresponds the records of NMR pattern only shows the peaks for the desired product D-glucono-
1,5-lactone (Figure 31).   
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3.5.8.2 Calibration of D-glucono-δ-lactone 
Initially, the mixture of acetone and acetone d6 (1:25) was preferred as an inlet. Then, six different samples with 
concentration between 15 and 150 mM of D-glucono-δ-lactone were prepared and analyzed by 1H-NMR using the 
same inlet. The area of the signals of D-glucono-δ-lactone at chemical shifts of 3.96 ppm and 3.86 ppm were 
analyzed and plotted vs. the GL concentration (Figure 32).  
 
  
Figure 32: Calibration graph for the determination of the amount of D-glucono-1,5-lactone (GL). 
3.5.8.3 Calibration of Glucose Oxidase Concentration 
Six different concentrations of enzyme from 1 to 5 mg/ml were prepared in D2O as solvent. All the samples were 
analyzed by 1H-NMR. The characteristic signal at δ = 3.52 ppm was used for determination the glucose oxidase 
concentration (Figure 33). 
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Figure 33: 1H-NMR spectrum of glucose oxidase at pH = 11. 
 
Figure 34: Calibration of glucose oxidase amount by 1H-NMR. 
The amount of glucose oxidase dissolved in water was plotted in Figure 34 as a function of the peak area at δ = 
3.52 ppm. 
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3.5.8.3.1 Oxidation of β-Glucose to D-glucono-δ-lactone by Glucose Oxidase Immobilized on 
Gradient Macroporous Stainless Steel Disc 
The disc with the immobilized enzyme was fixed into the reactor, which was filled subsequently with 50 ml of β-
glucose solution (10 mg/ml). The reaction was monitored for 24 hours and samples were collected every hour 
during the initial 5 hours and a final sample was collected after 24 hours. The samples were placed into NMR 
sample tubes with the inlet and analyzed by 1H-NMR. Besides, the amount of leached enzyme was also detected 
in the same samples by using the glucose oxidase calibration graph. 
 
 
Figure 35: Oxidation of β-D-Glucose to Hydrogen Peroxide (H2O2) and D-glucono-δ-lactone by Glucose 
Oxidase 
3.5.8.3.2 Activity of Native Glucose Oxidase 
In order to compare the activity of immobilized enzyme with the same amount of free enzyme. 13.2 mg of the 
native enzyme was tested in similar way as the immobilized enzyme (chapter 3.4.8.3.1). The reaction was 
conducted for 24 hours and the sample was analyzed by 1H-NMR using an acetone inlet. 
3.5.8.4 Characterization of Monosaccharides  
Different sugars were dissolved in D2O at the optimum pH of 11 and the chemical shifts were analyzed by 1H-
NMR spectroscopy. The characteristic peaks of glucose, fructose, galactose and tagatose are shown in Figure 36. 
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3.5.8.4.1 Determination of α-Glucose and β-Glucose Concentration 
The resonances of α-Glucose and β-Glucose at 4.40 and 4.48 ppm were used for determination of the glucose 
concentration (Figure 37). 
 
 
Figure 37: Glucose concentration as a function of the peak area at 4.40 and 4.48 ppm. 
3.5.8.4.2 Determination of Fructose Concentration 
Resonances specific for fructose were detected at chemical shifts of 3.35 and 3.40 ppm (Figure 38). 
 
 
 
Figure 38: Fructose concentration as a function of the peak area at 3.35 and 3.40 ppm. 
3.5.8.4.3 Determination of Galactose Concentration 
Resonances specific for galactose were detected at chemical shifts of 4.30 and 4.45 ppm (Figure 39). 
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Figure 39: Galactose concentration as a function of the peak area at 4.30 and 4.45 ppm. 
3.5.8.4.4 Determination of Tagatose Concentration 
Resonances specific for tagatose were detected at chemical shifts of 3.95 and 4.05 ppm (Figure 40). 
 
Figure 40: Tagatose concentration as a function of the peak area at 3.95 and 4.05 ppm. 
3.5.8.5 Isomerization of Glucose and Galactose 
2 ml of glucose solutions (c = 5 mg/ml) and were prepared. 5 mg of Ti-MFI was added as a catalyst to the glucose 
solution and incubated at different temperatures from 60 to 90 °C in a water bath for 24 hours. Additionally, 2 ml 
of glucose solution (c = 10 mg/ml) were mixed different amounts of Ti-MFI from 5 to 50 mg. The mixtures were 
incubated at 90 °C for 24 hours. The samples were dried at 100 °C and dissolved in 1.5 ml of D2O.  Finally, the 
samples were analyzed by 1H-NMR as described in chapter 3.5.8. The same procedure was employed for galactose. 
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3.5.8.5.1 Isomerization of Glucose and Galactose over Coated Gradient Macroporous 
Stainless Steel Disc 
25 ml of glucose solution (c = 10 mg/ml) was prepared as substrate solution. The coated disc was placed into the 
reactor, which was heated to 90 °C in an oil bath. The reaction mixture was stirred at 600 rpm. At the end of each 
hour, 1 ml of sample was collected up to 5 hours and a final sample was collected after 24 hours. The samples 
were dried at 100 °C and dissolved in 1.5 ml of D2O, whereas the sample which was taken at 24 hours was diluted 
in 20 ml of D2O. All samples were finally analyzed by 1H-NMR spectroscopy employing the acetone inlet. The 
same procedure was employed for the galactose solution (c = 10 mg/ml). 
3.5.8.5.2 Competitive Isomerization of Glucose and Galactose over Ti-MFI Coated on 
Gradient Macroporous Stainless Steel Discs 
In order to analyze the competitive isomerization between glucose and galactose by Ti-MFI coated on the gradient 
macroporous stainless steel disc, 250 mg of glucose and galactose were mixed in 25 ml of dH2O. 1 ml of sample 
was collected at the end of each hour. After collecting five samples, the final product was taken after 24 hours. 
The samples were dried at 100 °C and dissolved in 1.5 ml of D2O, whereas the sample which was taken at 24 hours 
was diluted in 20 ml of D2O. Finally, the samples were analyzed by 1H-NMR spectroscopy. 
3.5.9 High Performance Liquid Chromatography (HPLC) 
In this work, the HPLC column Rezex™ RHM-Monosaccharide H+ (8%) (Phenomenex) was chosen to analyze 
the monosaccharides and disaccharides, which has the active centers with ionizable functional groups on the 
surface of the stationary phase [229]. HPLC pure water was used as mobile phase at a flow rate of 0.5 ml/min. The 
volume injected was 5 μl and the temperature of the column was set to 84 °C. The maximum pressure was fixed 
to 2.5 MPa. Prior to the measurement, samples were filtered into the vials by using Acrodisc filter with 0.1 µm 
pore size (VWR) and placed into the autosampler of the HPLC. A refractive index detector was employed to 
analyze the samples. 
3.5.9.1 Characterization of Sugars 
3.5.9.1.1 Characterization of Starch  
A starch solution (c = 50 mg/ml) was prapared and 5 µl sample was injected to the RHM-Monosaccharide H+ (8 
%) HPLC column.  
3.5.9.1.2 Quantification of Glucose, Fructose and Maltose 
Different concentrations of glucose, fructose and maltose solutions between 0.5 and 5.0 mg/ml were prepared in 
distilled water. The samples were analyzed by HPLC and their characteristic peaks were detected by the refractive 
index detector. Using the calibration graphs, the peak area was used to calculate the sugar concentration (Table 
15). 
 
 
 
 
 
 
73 
 
Table 15: Characterization of sugars using by HPLC 
Sugar Temperature / 
°C 
Injection 
Volume / µl 
Flow rate / 
(ml / ml) 
Retention 
Time / min 
Peak Area for c = 1 
mg/ml of sugar / 
mV.Min 
Glucose 84 5 0.5 12-13 3.02 
Fructose 84 5 0.5 13-14 3.16 
Maltose 84 5 0.5 10-11 2.69 
 
3.5.9.2 Determination of α-Amylase and Heat Stable α-Amylase Activities 
Initially, the enzyme stock solutions were prepared as described in chapter 3.3. To test the enzyme activity, 0.1 ml 
of stock enzyme solution was mixed with 1.9 ml of a starch solution (c = 10 mg/ml) in a glass tube. To ensure a 
high homogeneity, the test tube was vortexed for several seconds. Thereafter, the test tube was incubated in a 
water-bath at the desired temperature for 30 minutes. To stop the reaction, 0.5 ml of 0.5 M H2SO4 solution was 
added to the mixture, which subsequently was vortexed in order to ensure a fast termination of enzymatic reaction. 
Using the injector, the solution was removed from the test tube and filled into individual HPLC tubes via a filter 
to remove solid particles. The temperature was varied for α- amylase from Bacillus subtilis between 50 and 65 °C 
and for heat stable α-amylase from Bacillus licheformis between 80 and 95 °C. The activity test was carried out 
twice for each temperature. 
3.5.9.2.1 Activity of Native Heat Stable α-Amylase  
The activity of the free enzyme will be used as reference in terms of enzyme activity. Thus, in order to determine 
the activity of the free enzyme, 50 ml and 250 ml of starch solution (c = 10 mg/ml) were prepared separately in a 
round-bottom flask. 125 μl of heat stable α-amylase enzyme stock solution (chapter 3.3) were added to each flask. 
The solution was stirred (600 rpm) at 100 °C over a period of 5 hours. 1 ml of solution was collected every hour 
for the first five hours and finally after 24 hours. The glucose yield was determined by HPLC. 
3.5.9.2.2 Leaching Test for Heat Stable α- Amylase from Bacillus licheformis Immobilized 
on Gradient Macroporous Stainless Steel Disc 
The amount of enzyme leached from the membrane was tested in a glass bioreactor incubated in an oil bath at 100 
°C under stirring at 600 rpm (Figure 23). The membrane was placed into the reactor and 50 ml of distilled water 
was added. 200 μl of sample was collected from the reaction medium every hour for five hours. Finally, a sample 
was taken after 24 hours. Each sample was mixed with 1.9 ml of starch and tested as described in chapter 3.5.8.   
3.5.9.3 Isomerization of Glucose over ZnO  
3.5.9.3.1 Determination of Maximal Pressure for Isomerization in a Glass Bioreactor 
To test the temperature and pressure dependence of the isomerization, the conversion of glucose over ZnO was 
tested in a stainless-steel autoclave and temperature and pressure were recorded with time (Figure 41). 4 ml of 
ZnO suspension (20 wt-%) was stirred with 10 ml of glucose solution with the concentration of 10 mg/ml in the 
autoclave until reaching the critical pressure for the glass bioreactor. The autoclave temperature was increased 
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from RT to 145 °C, where the pressure amounts to 4 bars which is the maximal pressure allowed for the glass 
reactor (230). 
 
Figure 41: Pressure and temperature as a function of time. 
3.5.9.3.2 Determination of the Reaction Temperature of ZnO in a Glass Bioreactor 
2 ml of ZnO dispersal (20 wt-%) was mixed with 5 ml of glucose solution with a concentration of 10 mg/ml in a 
glass bioreactor with a screw cap and incubated in an oil bath at different temperatures for 24 hours under stirring 
at 600 rpm. At the end of the reaction, the samples were centrifuged at 8000 rpm for 3 minutes in order to remove 
the ZnO powder prior to injection into the HPLC. 
3.5.9.3.3 Isomerization of Glucose to Fructose by ZnO-coated Gradient Macroprous 
Stainless Steel Disc 
A round-bottom flask was filled with 250 ml of glucose solution with a concentration of c = 10 mg/ml and heated 
to 100 °C under stirring at 600 rpm. The ZnO coated disc (chapter 3.4) was positioned in this flask, and thus, the 
reaction was started. The test was monitored for 24 hours, whereby 1 ml of the prepared solution was collected 
from round-bottom flask every hour up to 5 hours. Another sample was collected after 24 hours. All samples were 
analyzed by HPLC as described in chapter 3.5.8. 
3.5.9.3.4 Temperature Stability of Glucose and Fructose  
To test the heat resistance of glucose and fructose, both monosaccharides were heated to temperatures between 90 
and 120 °C. 20 ml of glucose and fructose with a concentration of 10 mg/mL were filled into a glass reactor with 
a screw cap in an oil-bath while stirring at 600 rpm. At each temperature, 200 µl of sample was collected. When 
the temperature reached to 120 °C, the sample was kept at this temperature overnight. Finally, the last sample was 
collected at the next day. All samples were analyzed by HPLC as described in chapter 3.5.8. 
3.5.9.3.5 Cascade Reaction: Hydrolysis of Starch and Isomerization of Glucose 
Two reactions were combined in the same reactor; the hydrolysis of starch and the isomerization of glucose to 
fructose. Practically, a round-bottom flask was filled with 250 ml of starch solution with a concentration of 10 
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mg/ml as substrate in which discs containing heat stable α-amylase immobilized on the GMSD and the ZnO 
coated-GMSD were placed. These discs were prepared as described in chapter 3.4.2 and 3.3.4, respectively. 
The reaction was run for 24 hours at 100 °C while stirring at 600 rpm. Ultimately, the samples were collected and 
analyzed by HPLC as described in chapter 3.6.5.1. 
 3.5.9.4 Production of Glucose via Cascade Reactions of β-Amylase Immobilized on SiO2-
coated on Support and α-Glucosidase Immobilized on Non-coated Support 
The starting material starch is converted into maltose dimers and then to glucose monomers by employing the 
enzymes, β-amylase and α-1,4-glucosidase (maltase), respectively, as shown in Figure 42.  
 
Figure 42: Reactions of glucose production from starch using by β-amylase and α-1,4-glucosidase 
enzymes. 
In order to determine the produced amount of maltose and glucose, high performance liquid chromatography was 
employed.  
3.5.9.4.1 Preparation and Implementation of the Second Reaction Step: Hydrolysis of 
Starch by β-Amylase Immobilized on SiO2-coated on Gradient Macroporous Stainless Steel 
Disc 
The first step of the cascade reaction was conducted over a ß-amylase immobilized on mesoporous SiO2 coated 
stainless steel disc, which has an average pore diameter of 1.8 nm on the fine layer. In order to prevent leaching 
of ß-amylase from SiO2 coated disc, the cross-linking technique was applied. The immobilization procedure was 
described in chapter 3.3.  
At first, the ß-amylase immobilized on SiO2 coated disc was placed in the bioreactor with a polystryrene holder as 
the course layer of the mesoporous membrane facing up. The reactor was filled with 25 ml of starch solution (c = 
10 mg/ml), which forms a liquid bed on top of the coated layer. The reactor was preheated to 55 °C and the vacuum 
pump which was connected with the lower part of the bioreactor was run at 10 rpm. The biocatalytic reaction 
proceeds in the pores of the membrane disc resulting in the production of maltose from starch. The reactor was 
operated semi-continuously. Due to the assumption that some part of product may stuck in the membrane pores, 
the reactor was filled up with 25 ml of distilled H2O and the pump was turned on again to elute the remaining 
product from the pores. The eluent was collected in tubes (ca. 5 ml) and 200 µl of each collected solution was 
transferred into HPLC tubes.  
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For the leaching test, the bioreactor was preheated to 55 °C rinsed two times with 25 ml of distilled H2O. 
Thereafter, the substrate was added to the eluent solutions (ca. 5 ml) and incubated at 55 °C. Finally, the solutions 
were analyzed by HPLC. 
For reference, the reaction was also conducted over the free enzyme. In this case, 0.1 ml of β-amylase in native 
form was added to 1.9 ml of the starch solution (c = 10 mg/ml). The enzymatic reaction was run for 10 minutes 
and then stopped by the addition of 0.5 ml of 0.5 M sulfuric acid. The final sample was analyzed by HPLC. 
Determination of ß-amylase Activity 
Initially, a starch solution (c = 50 mg/ml) and a β-amylase solution (c = 1 mg/ml) were prepared. The hydrolysis 
reaction was started by mixing 1.9 ml of substrate and 0.1 ml of enzyme solution into a testing tube in the water 
bath that had been preheated to 50 °C. After incubation for 10 minutes, the reaction was stopped by adding 0.5 ml 
of a 0.5 M sulfuric acid. The mixture was stirred for an additional 5 minutes and the solution was removed with a 
syringe and filled into the individual HPLC tubes after removal of the particles by filtration. Finally, the samples 
were analyzed by HPLC (chapter 3.5.8). The reaction was performed at temperatures between 50 and 65 °C and 
repeated once to check the reproducibility.  
3.5.9.4.2 Preparation and Implementation of the Second Reaction Step: Hydrolysis of 
Maltose 
The second step of the cascade reaction was conducted in a batch bioreactor. Thus, no vacuum was applied to 
force the maltose molecules into the membrane pores. As described in chapter 3.3, the enzyme α-1,4-glucosidase 
was immobilized onto the non-coated stainless-steel disc by using 0.5 wt-% of glutaraldehyde to form cross-linked 
aggregates in the pores. The disc was fixed into a special holder and put into the reactor (Figure 23). Thereafter, 
the substrate solution obtained from the first reaction step was added to the reactor. This reactor was placed into 
an oil bath preheated to 60 °C, and the reaction was run for 24 hours.  
Another batch reactor was filled with 25 ml of dH2O to test the leaching of the immobilized enzyme at 60 °C. To 
calculate the yield of glucose and the leached amount of enzyme, 200 µl of the samples were withdrawn by a 
syringe every hour up to five hours. After taking the last assays after 24 hours of reaction, the heater was turned 
off and the samples were also analyzed by HPLC. For the leaching test, 1.9 ml of maltose solution (c = 10 mg/ml) 
was mixed with 0.1 ml of the test solution. The mixture was incubated in the water bath at 60 °C for 30 minutes. 
Thereafter, 0.5 ml of 0.5 M H2SO4 was added to terminate the reaction. The final solutions were analyzed by 
HPLC. 
Determination of α-Glucosidase Activity 
The second reaction step was the conversion of the intermediate maltose dimers into glucose monomers over α-
1,4-glucosidase. In order to define the optimum temperature for the hydrolysis of maltose to glucose, the 
conversion was tested at different temperatures. 1.9 ml of maltose solution (c = 10 mg/ml) and 0.1 ml of stock α-
1,4-glucosidase enzyme solution (Table 9) were mixed and incubated for 30 minutes in a water bath. The reaction 
was stopped by addition of 0.5 ml of 0.5 M sulfuric acid and samples were analyzed by HPLC.  
3.5.9.5 Isomerization of Glucose to Fructose over MFI and BEA-based catalysts 
The BEA and MFI-based catalysts (Table 6 and Table 12) were tested at different temperatures from 50 to 120 °C. 
Amounts of the used catalysts are shown in Table 22. The excess catalyst was mixed with a binder (Dispersal<90 
Al2O3 powder), whose amount was adjusted to 10 % of the related catalyst. The powder mixture was grinded well. 
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Thereafter, it was mixed with 2 ml of glucose solution (c = 5 mg/ml) in a screw cap bottle and incubated in an oil 
bath at 50 °C for 24 hours while stirring at 600 rpm. This procedure was repeated for MFI-based catalyst listed in 
Table 12 and BEA-based catalysts in Table 6 at different temperatures. The samples were collected after 24 hours 
and analyzed by HPLC.  
For a valid comparison, 5 mg catalyst were mixed 0.05 mg of the binder. Thereafter, 2 ml of glucose solution (c = 
5 mg/ml) was added. They were incubated in an oil bath at 90 °C for 24 hours under stirring at 600 rpm.  
3.5.9.5.1 Isomerization of Glucose to Fructose by the Chemical Catalyst coated-GMSD  
After calcination, the coated membrane was covered with a catalyst-free membrane and then, attached by using 
silicon as a glue. The device was placed in a glass bio-reactor with a glass holder at 90 °C under stirring at 600 
rpm. The reactor was filled with 50 ml of glucose solution with a concentration related the amounts of catalysts 
deposited (Table 22). 200 µL of sample were withdrawn from the reaction medium every hour for 5 hours. The 
final sample was taken after 24 h. All samples were analyzed by HPLC. 
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4 RESULTS AND DISCUSSION 
4.1 TRANSESTERIFICATION OF VINYL PROPIONATE CATALYZED BY 
ENCAPSULATED LIPASE 
4.1.1 Characterization of Zeolite Beta (BEA) 
Zeolite BEA coated on the stainless steel disc and the excess BEA powder were characterized by powder X-ray 
diffraction (XRD). Figure 43 shows the XRD patterns of non-coated, single and twofold BEA coated on the 
stainless steel discs, respectively. A strong reflection at a 2θ value of 43.6° is assigned to the disc, while reflections 
at 2θ values of 7.7° and 22.5° indicate the presence of pure BEA phase coated onto the stainless steel disc. 
However, the intensities of peaks at 2θ values of 7.7° and 22.5° were lower for the single BEA layer, in comparison 
to the presence of thick zeolite layer, when the disc was coated twofold with BEA zeolite. The XRD patterns 
confirm the successful crystallization of BEA onto the stainless steel disc.   
 
Figure 43:  XRD pattern of (A) non-coated disc, (B) coated disc (once),  (C) coated disc (twice).  
 
The thickness of the single coated layer is between 0.7 µm and 1 µm according to their SEM images, while it is 
between 2 µm and 3 µm for the threefold coted layer [34]. Thus, the thickness of the twice coated BEA layer on 
the disc might be between 1 µm and 2 µm. 
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4.1.2 Leaching Assay  
The p-Nitrophenol assay (chapter 3.5.5.1) was used to calculate the amount of TLL leached from the support.  
 
Figure 44: Overview of the results from the leaching test. 
While 19 % of encapsulated lipase leached from the non-coated, attached stainless steel discs, the leaching is just 
2 % for the zeolite coated attached discs. This result shows that enzyme leaching is prevented by BEA coating.   
4.1.3 Activity Assay 
In order to evaluate the performance of lipase encapsulated on the non-coated and zeolite beta coated gradient 
macroporous stainless steel discs, the transesterification of vinyl propionate with 1-butanol to produce butyl 
propionate and propionic acid was chosen as test reaction. 
After 9 days, the yield of butyl propionate is 84 % for the non-coated attached discs, while the conversion of vinyl 
propionate is 100 %. The reason for the reduced VP yield might be the hydrolysis of VP in residual water from 
the immobilization of enzyme. No change in the product yield and reactant conversion is observed after 6 days. 
Up to 10 days, no change in the BP yield is found. 
After 3 days, the yield of BP reached a constant value of ca. 24 %, for the zeolite beta coated attached discs while 
the conversion of VP is ≈ 80 % (Figure 45 (b)). The difference between the yield of BP and the conversion of VP 
is even higher in this case. This result intensifies the idea of the diffusion limitation of the product due to the 
narrow pore size of the zeolite layer. 
 
 
 
80 
 
 
Figure 45: Conversion of vinyl propionate (XVP), 1-butanol (XButanol) and butyl propionate yield (YBP) 
resulting from transesterification of vinyl propionate a: Lipase encapsulated in non-coated attached discs. b: 
Lipase encapsulated in two-time zeolite beta coated attached discs. 
 
In the previous studies from our group [34], a single coated disc and the threefold coated discs were employed. In 
that study, the yield of BP amounts to 50 % for the single coated attached discs, while it is 40 % for the threefold 
coated attached discs. In our study, non-coated attached discs and twofold coated attached discs were used. While 
the yield of BP for the non-coated attached discs is higher than the single coated attached discs. The yield for the 
twofold coated disc is somewhat lower. However, the conversion of VP is ca. 80 %. The reason is that the disc are 
better attached and sealed. The product diffuses slowly out of the membrane.   
4.2 IN-SITU UV-VIS SPECTROSCOPIC STUDY ON THE HYDROLYSIS OF P-
NITROPHENYL PALMITATE CATALYZED BY LIPASE  
The activity of lipase from Aspergillus niger immobilized on the gradient macroporous stainless steel discs coated 
by ZIF-8 was determined via hydrolysis of p-nitrophenyl palmitate to p-nitrophenol at λ = 375 nm by UV-Vis 
spectrophotometry. Using the same set-up, the leaching of lipase was also observed at λ = 295 nm.  
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Figure 46: Schematic illustration of the set-up used and the reaction employed: 
Red = lipase from Aspergillus niger; Green = p-NPP; Purple = p-nitrophenol; Yellow = palmitic acid; Blue lines 
= ZIF-8 coated on the discs; White lines = synthetic silicone 
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4.2.1 Characterization of ZIF-8-coated onto Stainless Steel Disc 
4.2.1.1 Powder X-ray Diffraction 
 
Figure 47: XRD patterns of the bare ZnO support, calcined ZIF-8 and ZIF-8 coated onto the stainless 
steel disc functionalized by ZnO (provided by Matías Rafti from National University of La Plata).  
In order to prove the growth of ZIF-8 films on a ZnO support, the bare ZnO support, ZIF-8 powder and ZnO-ZIF-
8 films were analyzed by powder XRD. The characteristic peaks of ZIF-8 powder aligned with ZnO-ZIF-8 films 
coated onto the disc are shown in Figure 47. ZIF-8 was deposited onto the fine layer of the disc covered with a 
polydopamine film. No reflection of polydopamine as a bare support are observed since it is amorphous (Figure 
48). Characteristics reflections for ZIF-8 were observed at 7.5°, 10.4°, 12.7°, 14.8°, 16.5°, 18.1°, 24.6° and 26.7°. 
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Figure 48: XRD patterns of ZIF-8 and ZIF-8 coated onto the polydopamine functionalized disc (provided by 
Matías Rafti from National University of La Plata). 
4.2.1.2 Scanning Electron Microscopy 
In Figure 49a, the SEM of the lateral section of ZIF-8 coated on the stainless steel disc is depicted. From the 
picture, the width of ZIF-8 layer was determined to 25 µm. As evident from Figure 49b and 49c, a ZIF-8 film is 
homogeneously created by ZnO covered on the gradient macroporous stainless steel disc, whereas ZIF-8 film is 
non-homogeneously grown onto the polydopamine functionalized disc (Figure 49c). In parallel to our results in 
chapter 4.2.6, the ZIF-8 coated on ZnO functionalized disc seems rather well-covered than the one functionalized 
with polydopamine. 
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Figure 49: a. ZIF-8 layer deposited onto the disc with the average height of 25 µm. b. ZnO functionalized 
disc. c. ZnO is converted to ZIF-8. d. ZIF-8 coated polydopamine functionalized disc (in cooperation with 
Matías Rafti from National University of La Plata). 
4.2.2 Activity of Lipase Encapsulated in ZIF-8 Grown on Polydopamine Functionalized 
Stainless Steel Discs 
The initial step was the immobilization of lipase (5.3 mg) on the ZIF-8 membranes supported on polydopamine 
functionalized stainless steel discs. After the immobilization, two of discs with encapsulated lipase were attached 
to each other with synthetic silicone in such a way that the ZIF-8 coated surfaces is facing up. In comparison to 
the adhesive mixture of aluminum oxide and acetic acid, silicon was better suited to attach the discs due to its 
durability, easy applicability and removability as well as its fast-drying property. Finally, the hydrolysis of 4-
nitrophenyl palmitate catalyzed by lipase was followed until a constant absorbance value at λ= 375 nm was 
reached. 
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Figure 50: Conversion of p-nitrophenol. 
In Figure 50, hydrolysis of p-nitrophenol is depicted as a function of the reaction time. At the beginning of the 
reaction, the conversion is close to 0 %. However, with increasing of the reaction time, the conversion increases 
linearly. After 6 hours, the conversion reaches a constant value of 17.5 %.   
 
Figure 51: Amount of lipase leached from the support. 
In this reaction, it was also able to be monitored that the amount of lipase leached from the supports, 
correspondingly in the same batch. In Figure 51, the cumulative amounts of the leached enzyme as a function of 
time is shown. According to that, three areas (numbered as 1, 2 and 3 in Figure 51) were detected as active leaching 
points. The reason might be abrasion of the coated layer at those points. Except these areas, it seems that the 
leaching was suppressed by ZIF-8-polydopamine coated discs. Totally, 0.88 mg of lipase was leached from the 
support. Thus, 83 % of the immobilized lipase remains on the support. 
4.2.2.1 Recycling Experiment 
After recovery of the disc, the reaction was repeated in 15 ml of the substrate solution.  
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Figure 52: Conversion of p-NPP. 
In the recycling experiment, a maximum conversion of p-NPP amounting to 2.6 % after 1.5 hours (Figure 52) was 
found. In the second run, the conversion decreased by ca. 15 % compared to the first run. The reason might be 
decreasing of the activity of lipase encapsulated in the support. Besides some occlusive particles of the ZIF-8-
polydopamine layer, which stayed from the first run on the support. These particles might block the pores leading 
to the diffusion limitations. In order to improve the recycling, a cleaning step should be employed between the 
runs. 
In Figure 53, the amount of leached lipase from the support was depicted. In this case, there are four regions 
(numbered as 1, 2, 3 and 4 in Figure 53) are determined as active leaching times. The total amount of leached 
enzyme was determined to 1.36 mg. Thus, 69 % of enzyme still remained on the support.  
 
Figure 53: The leached enzyme amount from the supports. 
4.2.3 Activity of Lipase Encapsulated in ZIF-8 Created by ZnO Covered on Stainless 
Steel Discs 
The procedure in chapter 4.2.2 was employed, in this case, for ZIF-8 created by ZnO covered on the stainless steel 
discs. 
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Figure 54: Conversion of p-NPP.  
In Figure 54, the conversion of p-NPP was depicted as a function of time. In this graph, two linear increases 
(between 0-80 mins and between 120-150 mins) are determined. The reason might be a temporary blockage of the 
ZIF-8 pores resulting in the diffusion limitations. The maximum conversion was detected as 11.4 %. The reaction 
was terminalized after around 3.5 hours. Although, the maximum conversion seems less than the one for ZIF-8-
polydopamine coated discs, if the incubation time is increased, another linear increase might be observed. Most 
probably, the substrate and product diffusions may be limited due to the ZIF-8 layer. Thus, the reaction rate is not 
linearly increasing. 
 
Figure 55: Amount of lipase leached from the support. 
 
In Figure 55, the amount of lipase leached from the disc is depicted as a function of time. Here, up to 12 minutes, 
ca. 0.21 mg was leached, but no further leaching was observed. 0.21 mg corresponding to 4 % of the initial enzyme 
amount was determined. Due to the homogenous ZIF-8 layer, which was obtained by conversion of ZnO, leaching 
was significantly reduced. 
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 4.2.3.1 Recycling Experiment 
As before, the same support was tested one more time with a fresh substrate solution under the same conditions 
described in chapter 4.2.2. 
 
Figure 56: Conversion of p-NPP as a function of reaction time. 
In Figure 56, conversion of p-NPP is depicted as a function of time. Here, the maximum conversion was 7.4 % 
after 78 minutes. The maximum conversion of the first run was 11.4 %. This means that 65 % of the activity was 
protected.  
Here too, only a small amount of ca. 0.43 mg leached from the support. Within the first moment of the reaction, 
there is a little amount of lipase was detected. This  might be lipase remained on the surface of the membrane after 
the immobilization. Finally, 92 % of enzyme was retained in the support (Figure 57). 
 
Figure 57: Amount of lipase leached from the support. 
4.2.4 Activity of Lipase Encapsulated in Non-coated, Attached Stainless Steel Discs 
In order to assess the necessity of the coating processes, non-coated discs were also tested with respect to its 
activity and leaching behavior.  
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Figure 58: Conversion of p-NPP as a function of time. 
In Figure 58, the conversion of p-NPP is depicted as a function of time. Here, a maximum conversion of 13.03 % 
was observed after 114 minutes, then, the reaction stopped. The conversion is smaller compared to first run of ZIF-
8 coated on polydopamine functionalized discs, which amounts to 17.5 %. However, this conversion is reached 
after 354 minutes. Thus, the reaction over the non-coated discs reached the constant value three times faster than 
the one for the coated discs. The reason of the less conversion of the non-coated discs might be the stirring force, 
which may denature the leached lipase. This result also declares the significance of the coating step. 
In the activity test, the leaching was also monitored. In Figure 59, especially two regions were observed highly 
leaching. In the first region, there fast leaching occurs up to 20 minutes, while enzymes slowly leached from the 
support in the second region between 40 and 120 minutes. The total amount of the leached enzyme amounts to 
1.12 mg. This corresponds to 21 % of the starting amount of enzyme, which is the highest amount observed in this 
study. These results confirm that the ZIF-8 layer is important to prevent the leaching. 
 
 
Figure 59: Amount of lipase leached from the non-coated discs. 
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4.2.5 Native Enzyme  
For comparison of the lipase-loaded attached ZIF-8 coated discs with the non-immobilized (native) lipase in the 
hydrolysis of p-NPP, the assay was carried out with the same amount of native enzyme. Here, a maximum 
conversion of 89.5 % was observed after 151 minutes and then, the reaction stopped (Figure 60). In order to 
compare the activity of immobilized lipase with the activity of the native lipase, this value was used as a maximum 
conversion of p-NPP under the same reaction conditions.  
 
Figure 60: Conversion of p-NPP.  
4.2.6 Comparison 
In Table 16, the results of the different experiments are compared. 
Table 16: Overview of the results 
 
Support 
Conversion with 
respect to the 
substrate amount / % 
 
Leached 
Enzyme / mg 
 
Leached 
Enzyme / % 
Conversion with 
respect to native 
enzyme / % 
 
Reaction 
Time / min 
Attached, non-coated discs 13.0 1.12   21.3 
 
15 114 
Attached, ZIF-8-coated 
on polydopamine 
functionalized discs 
1. Run 17.5 0.88 16.7 20 354 
2. Run 2.6 1.36 31.1 3 97 
Attached, ZIF-8-coated 
on ZnO functionalized 
discs 
1. Run 11.4 0.21 4.0 13 150 
2. Run 7.4 0.43 8.5 8 78 
Without support (native enzyme) 89.5 - - 100 150 
 
The presented data show that ZIF-8 coated discs are very promising to prevent the leaching of enzyme. The pore 
size of ZIF-8 structure is around 1.1 nm. This magnitude is quite ideal not only for lipases but also for lots of type 
of enzyme immobilization to prevent their leaching. This was also proved in our study (Table 16). 96 % of the 
starting amount of lipase was successfully retained in the ZIF-8-coated on ZnO functionalized discs while it is 83 
% for ZIF-8 coated on polydopamine functionalized discs. However, the thickness of the coated layer influences 
diffusions of the substrates and products. If the thickness is increasing, the diffusion limitation also rises. On the 
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other hand, the leaching increases with decreasing thickness of the layer. Thus, it has to be an optimum level. The 
highest activity of lipase achieved was 20 % when we used ZIF-8 coated on polydopamine functionalized discs in 
comparison with the native enzyme. This may be increased when the thickness of the ZIF-8 layer (25 µm) is 
reduced, which results in a decrease of the diffusion limitations. Especially, the attached, ZIF-8-coated on ZnO 
functionalized stainless steel disc is more stable thereby maintaining 65 % of activity with respect to the first run. 
SEM pictures are supporting this result. Consequently, the retained enzyme activity might be improved via the 
optimization of the thickness of ZIF-8 layer on the stainless steel disc.  
4.3 DETERMINATION OF ALPHA-AMYLASE ACTIVITY USING A 3,5-
DINITROSALYCYLIC ACID (DNS) SENSOR 
A novel 3,5-dinitrosalycylic acid (DNS) sensor was developed in order to determine the α-amylase activity 
employing gradient macroporous stainless steel disc as enzyme host. The determination method is based on in situ 
UV-Vis spectrophotometric detection of glucose and maltose, produced by starch hydrolysis at 90 °C (Figure 61). 
A DNS color reagent is detected at a wavelength of 554 nm.  The bioreactor was designed as a kind of plug flow 
reactor, in which the substrate flow was controlled by a valve. The reaction occurs, when the feed flow passes 
through the lipase loaded disc. The elution of products was completed at the end of dropping of the flow from the 
bottom surface of the membrane. Even if there might have been some products that remained in the membrane, 
there is no possibility to elute all the products without flowing of the substrate solution through the membrane. 
Thus, the dropping time was used as reaction time for each set-up. In this work, immobilization by physical 
adsorption and cross-linking were investigated for the non-coated and zeolite-beta coated stainless steel 
membranes. After cross-linking with glutaraldehyde, the non-coated disc showed the highest volumetric activity 
of 75.5 % with respect to the free enzyme, while the zeolite beta coated membrane without cross-linking showed 
negligible leaching. 
 
 
Figure 61: Schematic illustration of the set-up and the reaction equation: 
a. Non-coated disc without cross-linking, b. Non-coated disc with cross-linking via glutaraldehyde, c. BEA-
coated on disc without cross-linking (Red = α-amylase; Dark Green = 20 ml of starch (c = 1 mg/ml); Light green 
= glucose and maltose; Orange = zeolite layer; Yellow lines = cross-linking aggregates) 
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4.3.1 Activity of α-Amylase  
4.3.1.1 α-Amylase Immobilized by Cross-linking on Non-coated Stainless Steel Disc 
In order to obtain more precise data from the catalytic tests to allow for a better comparison between the different 
set-ups, the reaction conditions (amount of the substrate and enzyme, dilution coefficient of DNS reagent and the 
operational wavelength) were optimized. In general, three stages were observed in the catalytic tests. Initially, the 
reaction rate is zero. In the following step, the absorbance increases in a linear form. At the last stage, it reaches a 
constant value.   
Here, the activity of α-amylase (144.24 U) immobilized by cross linking with glutaraldehyde on non-coated 
stainless steel disc was tested for 20 ml of starch solution (c = 1 mg/ml). The time of dropping (the reaction time) 
into the DNS reagent at 90 °C was 4.12 min. Consequently, the maximum absorbance value was observed as 0.447 
(λ = 554 nm) after 16 minutes.  
 
 
Figure 62: Hydrolysis of starch over α-amylase immobilized by cross-linking. 
4.3.1.2 α-Amylase Immobilized by Physical Absorption on Non-coated Stainless Steel Disc 
Here too, the activity of α-amylase (144.24 U) immobilized by physical adsorption method on non-coated disc 
was tested for the same amount of the substrate solution (c = 1 mg/ml). The time of dropping (the reaction time) 
into the DNS reagent at 90 °C was 3.4 min. Consequently, the maximum absorbance value was observed as 0.30 
(λ = 554 nm) after 16 minutes. 
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Figure 63: Hydrolysis of starch on non-coated α-amylase immobilized by physical absorption. 
4.3.1.3 α-Amylase Immobilized by Physical Adsorption on BEA-coated Stainless Steel 
Disc 
Finally, the activity of α-amylase (144.24 U) immobilized by physical adsorption method on the H-BEA coated 
disc was tested in the conversion of the starch solution (c = 1 mg/ml). The time of dropping (the reaction time) 
into the DNS reagent at 90 °C was 2.72 min. Consequently, the maximum absorbance value was observed as 0.07 
(λ = 554 nm) after 9 minutes. 
 
Figure 64: Hydrolysis of starch on BEA coated α-amylase immobilized by physical adsorption. 
4.3.1.4 Native α-Amylase  
The activity of native α-amylase (144.24 U) was tested for 20 ml of starch solution (c = 1 mg/ml). Incubation took 
3 minutes in a water-bath at 40 °C. At the end of the incubation, the test solution was added into the DNS reagent 
at 90 °C and monitored until a constant value is reached. Consequently, the maximum absorbance value was 
observed as 0.431 (λ = 554 nm) after 25 minutes. 
 
 
94 
 
 
Figure 65: Hydrolysis of starch with native enzyme (Reference assay). 
4.3.2 Comparison 
α-Amylase immobilized on the non-coated disc via cross-linking by glutaraldehyde shows the highest volumetric 
activity which amounts to 75.5 % of the volumetric activity of the native enzyme. However, the lowest activity 
was observed for α-amylase immobilized on the stainless steel disc coated by zeolite beta via physical adsorption. 
This is due to the diffusion limitation by microporous protecting layer (Figures 66 and 67). These results are in 
line with those of the permeability measurements since the permeance of the non-coated membrane is almost 4-
times higher than that of the zeolite beta coated disc. The permeance of the zeolite beta coated membrane is 
0.46x10-4 mol·m-2·s-1·Pa-1, whereas the non-coated one amounts to 1.73x10-4 mol·m-2·s-1·Pa-1. 
 
Table 17: Overview of the results 
 
α-Amylase 
Reaction 
Time / 
min 
Absorbance 
at λ= 554 nm / 
a.u. 
Glucose 
Concentration 
/ mM 
Glucose 
Concentration 
/ μmol 
Volumetric 
Activity / 
Units/ml 
Yield / 
% 
Immobilized on non-
coated disc without 
cross-linking 
3.40 0.30 0.38 22.91 67 61.5 
 
Immobilized on BEA 
coated on the disc 
without cross-linking 
2.72 0.07 0.08 0.05 19 16.9 
Immobilized on non-
coated disc with 
cross-linking 
4.12 0.45 0.57 34.09 83 75.5 
Native Enzyme 3.00 0.43 0.55 32.89 110 100 
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Figure 66: Volumetric activities (U/ml) of α-amylase; (A) α-amylase immobilized on the non-coated disc 
via physical adsorption; (B) α-amylase immobilized on the BEA coated on the disc via physical adsorption; 
(C) α-amylase immobilized on the non-coated disc via cross-linking by glutaraldehyde; (D) native α-amylase. 
 
Figure 67: Yield of the reducing sugars (A) α-amylase immobilized on non-coated disc via physical 
adsorption method; (B) α-amylase immobilized on BEA coated on the disc via physical adsorption method; 
(C) α-amylase immobilized on non-coated disc via cross-linking by glutaraldehyde. 
 
4.3.3 Leaching Tests  
According to the leaching test results, the zeolite beta coated membrane showed reduced leaching, whereas the 
highest leaching was observed for the non-coated stainless steel disc without cross-linking of the enzyme (Figure 
68). 
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Table 18: Overview of the results 
 
α-Amylase 
Reaction 
Time/ min 
Absorbance 
at λ = 554 
nm / a.u. 
Amount of 
glucose / 
mM 
Amount of 
glucose / 
μmol 
Activity 
/ Unit/ml 
Amount of 
α-Amylase 
/ U 
Amount of 
enzyme 
leached / % 
Immobilized on non-
coated disc without 
cross-linking 
04.43 0.24 0.30 1.51 3 60.51 
 
60 
Immobilized on BEA 
coated on the disc 
without cross-linking 
02.00 0.03 0.04 0.21 0.5 8.48 8.5 
Immobilized on non-
coated disc with cross-
linking 
04.55 0.08 0.10 0.48 1 19.31 19 
Native Enzyme - 0.39 0.50 2.50 5 100.14 100 
 
 
Figure 68: Amount of leached α-amylase (A) α-amylase immobilized on non-coated disc via physical 
adsorption method; (B) α-amylase immobilized on BEA coated on the disc via physical adsorption method; 
(C) α-amylase immobilized on non-coated disc via cross-linking by glutaraldehyde. 
The amount of leached lipase from the zeolite beta coated attached discs was shown to be 2 % (chapter 4.1) while 
it is 19 % for the non-coated attached discs in the batch bioreactor. In this set-up, the amount of leached amylase 
from the zeolite beta coated disc is 8.5 %, while it is 60 % for the non-coated disc. In comparison, 3-fold higher 
leaching was observed. However, here a plug flow bioreactor was employed. That is, the flow rate has to be 
considered well, which may cause an aggregation of the substrate resulting in obstruction of the membrane pores. 
4.4 CASCADE REACTION: GLUCOSE PRODUCTION FROM STARCH  
A cascade reaction employing ß-amylase and α-glucosidase immobilized on a SiO2-coated stainless steel disc and 
non-coated stainless steel disc, respectively was studied. Here, the stability of the SiO2-coated membrane and the 
cross-linking enzyme aggregates in the support were analyzed. A schematic illustration of the reactions steps (plug 
flow and batch systems) are depicted in Figure 69. 
 
 
 
97 
 
 
Figure 69: Schematic illustration of the set-up. a. production of maltose by β-amylase immobilized disc, b. 
production of glucose by α-glucosidase immobilized disc. 
Dark green = starch molecules; Purple = ß-amylase; Light green = maltose; Orange layer = SiO2 mesoporous 
layer; Black = Glucose; Yellow lines = cross-linking aggregates 
 
 
4.4.1 Activity of ß-Amylase at Different Temperature  
Figure 70 shows the activity of β-amylase at different temperatures. The highest activity was obtained at 55 ° C, 
the largest amount of the product maltose and the highest conversion of the substrate starch (Figure 71) were 
detected at this temperature. 
 
 
Figure 70: β-amylase activity at different temperatures.  
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Figure 71: Conversion of starch. 
4.4.2 Production of Maltose via Hydrolysis of Starch by β-Amylase Immobilized on 
SiO2-coated on Stainless Steel Disc 
4.4.2.1 Characterization of the SiO2 Coating 
 
Figure 72: SEM pattern of the mesoporous SiO2 layer on stainless steel disc 
In Figure 72, a SEM picture of the mesoporous SiO2 coated on the stainless steel disc prior to conducting the 
chemical reaction is shown. The surface is homogeneously covered with a SiO2 layer.  
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Figure 73: N2 sorption isotherm of the SiO2 coating at 77 K. 
 
Figure 74: NLDFT (Non-local density functional theory) pore size distribution curves of the SiO2 coating. 
The obtained data from N2 sorption isotherm (Figure 73) were analyzed via the Quantachrome Quadrawin 
software. The specific surface area was calculated from the nitrogen sorption data by using the Brunauer Emmett 
Teller (BET) equation at relative pressures (p/p0) below 0.2. The surface area of SiO2 were calculated to SBET = 
829 m2g-1, SMicro = 808 m2g-1 and SExternal= 21 m2g-1. The total pore volume was calculated at p/p0 = 0.9, whereas 
the micropore volume was obtained using the t-plot method. The pore size distribution was calculated using the 
DFT method for N2 at 77 K. Accordingly, the average pore diameter of SiO2 is 1.8 nm (Figure 74). while the 
values of pore diameter are VTotal = 0.38 mlg-1 and VMicro = 0.36 mlg-1. Thus, the SiO2 layer is mainly microporous. 
4.4.2.2 Characterization of Starch by HPLC 
In order to determine the characteristic peaks of starch molecules in the HPLC chromatogram, a starch solution (c 
= 50 mg/ml) was prepared and injected to the HPLC. Several peaks were detected between 5.2 min and 9.6 min. 
Depending on the source of starch, the position of this peaks vary. However, the interval does not change in our 
study since the same starch source was used. The used RHM-Monosaccharide H+ (8%) HPLC column was 
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operated at 84 °C and contains acidic protons that might cause a degradation of the starch molecules into glucose. 
However, this amount is negligible in most cases and also depends on the sources of the starch. Another reason of 
the variable peaks might be the pure water that was used as the mobile phase. The water molecules have an ability 
to break down the starch molecules by a hydrolysis reaction.  
4.4.2.3 Hydroysis of Starch 
In Figure 75, the yield of maltose and glucose in the hydrolysis of starch are depicted. 
 
Figure 75: Hydrolysis of starch (reaction conditions: 55 °C, starch solution (c = 10 mg/ml)). 
In the first step, maltose (ca. 0.2 mg) were detected after 15 mins. Besides, glucose was also observed until end of 
the reaction. This is a side product in the biocatalysis or due to the degradation of maltose into its constituent, viz. 
glucose monomers by hydrolysis of water. After 15 minutes, the yield of maltose stayed constant. The bioreactor 
is designed as a kind of plug flow reactor (chapter 4.3). The substrate flow was controlled by a valve. This set-up 
was the first step to construct a continuous flow bioreactor. Before putting of the continuous process into practice, 
some essential information such as the product yield in one run, leaching properties, the flow rate and the stability 
of the coated layer have to be determined. In order to estimate the behavior of the continuous reactors this set-up 
is very helpful. Furthermore, if the set-up is changed to semi-continuous or continuous processes, the yield might 
be much higher.  
In Table 19, the results of the hydrolysis of stach were summarized. The yield of maltose was calculated in two 
different ways. In the first way, the activity of native β-amylase was taken as reference data. With reference to the 
maltose produced by the native enzyme under the same conditions, the relative amount of maltose was calculated 
to 2.7 %. In the second way, total amount of formed maltose was calculated with respect to the amount of starch 
substrate (Figure 76). Finally, it was found as 0.1 %. 
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Table 19: Overview of the results. 
ΣnMaltose /µmol 3.8 
Volumetric Activity of immobilized β-amylase / U/ml 1.5 
Volumetric Activity of free β-amylase / U/ml 69 
Yield of Maltose with respect to free enzyme / % 2.7 
Yield of Maltose by the immobilized enzyme with respect to amount of starch / % 0.1 
 
 
Figure 76: Yield of maltose over immobilized β-amylase. 
4.4.2.4 Leaching Test 
In order to test whether β-amylase enzyme leaches from the support, the same experiment was repeated with 25 
ml of distilled water and the solution was collected into 5 ml tubes. No leaching of β-amylase was detected by β-
amylase activity test. This refers that the immobilization was quite successful. However, the activity is low. 
4.4.3 Production of Glucose by α-Glucosidase Immobilized on Stanless Steel Disc 
The formed maltose by β- amylase in the first reaction step was used as substrate for α-glucosidase immobilized 
on stainless steel membrane in the batch bioreactor.  
4.4.3.1 Activity of α-Glucosidase at Different Temperatures 
The highest yield of glucose over α-1,4-glucosidase was observed at 60 °C (Figure 77). 
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Figure 77: Yield of glucose as a function of reaction (cmaltose = 10 mg/ml). 
4.4.3.2 Amount of Glucose Formed in the Second Reaction Step  
 
Figure 78: Amount of glucose formed (reaction conditions: 60 °C, amount of maltose: 3.8 µmol). 
 
In Figure 78, the amount of formed glucose as a function of time was depicted. After 1 hour, no further glucose is 
formed. The yield of glucose was calculated to 61 %. It was expected that the yield of product is 100 % while all 
substrates were consumed. Most probably, a certain proportion of the product was decomposed. One reason for 
this behavior may be deformation of the produced glucose due to the vortex formed by stirring during the reaction.  
4.4.3.3 Leaching Test 
In order to find out if α-1,4-glucosidase was washed out from the pores of the membrane, the reaction solution 
from the second reactor was analyzed by HPLC and no glucose was detected. It appears that all enzymes are 
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sufficiently linked with glutaraldehyde to prevent leaching. Thus, no biocatalyst is present in solution that could 
convert maltose into glucose. However, some deactivated enzymes might be present in solution. 
4.5 PRODUCTION OF FRUCTOSE VIA HYDROLYSIS OF STARCH USING ZNO 
COATED ON STAINLESS STEEL DISC 
The aim of this work was the production of fructose via hydrolysis of starch by using ZnO coated on the stainless 
steel disc (Figure 79).  Here, the starch biomass was converted to glucose an intermediate product by α-amylase 
from Bacillus subtilis and heat stable α-amylase from Bacillus licheniformis. After a comparison of the activities 
of the enzymes, the heat stable α-amylase, which has higher activity, was employed for the hydrolysis of starch. 
Thus, the selected enzyme was immobilized by cross-linking with glutaraldehyde in the internal gaps of the disc. 
In order to form the end product fructose another carrier disc was covered with ZnO, which isomerizes glucose to 
fructose, by spray coating.  The crystal structure of ZnO was checked by X-ray diffraction and the surface 
morphology of the fine coating was observed by SEM.  
 
Figure 79: Overview of the set-up. 
4.5.1 Comparison of the Activities of α-Amylase and Heat Stable α-Amylase  
The activities of α-amylase from Bacillus subtilis and heat stable (HT) α-amylase from Bacillus licheniformis were 
compared in the hydrolysis of starch. The calibration values in Table 40 were used to calculate the amounts of 
glucose and fructose. HT α-amylase exhibits a much higher activity compared to α-amylase. The optimum 
temperature was also determined for both enzymes. The optimum temperature is 60 °C for α-amylase while it is 
85 °C for HT α-amylase. 
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Figure 80: Specific activity of α-amylases as a function of temperature. 
4.5.2 Activity of ZnO at Different Temperatures 
It has been reported that the catalytic activity of ZnO does not increase linearly with the increasing BET surface 
area. Besides, the active sites of the pure ZnO have not yet been identified experimentally. However, it has been 
observed that oxygen vacancies formed on the surface of ZnO crystals serve as the active sites in the methanol 
synthesis reaction [231].  
In our case, we used two different reactors; a glass reactor and a stainless-steel autoclave. Additionally, the mixture 
of ZnO AC45 (20 wt-%) with ZnO binder (about 15 µm of particle size), the mixture of ZnO Merck (20 wt-%) 
with ZnO binder (about 1 µm of particle size), and pure ZnO binder (about 50 nm of particle size) were tested as 
ZnO sources. Practically, the leakage of the air is much more likely in the glass reactor, even if it is well-closed 
while it is almost impossible in the autoclave. It was also confirmed by deducting of the final volumes from the 
initial volumes. Finally, the activity of ZnO binder was monitored as variable (Figure 81) contrast to the others. 
The oxygen in the air can stimulate the activity of ZnO binder in the glass reactor but not or much lower in the 
autoclave. Most probably, due to the larger particle sizes of the other ZnO sources, this interference could not have 
created a difference as much as those of ZnO binder. Still, a common decrease can also be observed while 
increasing the temperature up to 120 °C. Subsequently, we used the mixture of ZnO AC45 with ZnO binder, the 
mixture of ZnO Merck with ZnO binder but not pure ZnO binder for the isomerization step. 
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Figure 81: Comparison of the activity of pure ZnO binder. 
In order to monitor the isomerization reaction as a function of time, a glass batch reactor was employed. The 
activity of the ZnO catalysts in the glass reactor was depicted as a function of temperature in Figure 82. The highest 
activity of ZnO Merck was detected as 20.8 % at 120 °C, while it is 22.8 % for ZnO AC 45 at 100 °C. Due to the 
possible interference of air to the reactor, 100 °C was preferred as the reaction temperature. 
 
 
Figure 82: Conversion of glucose over ZnO catalysts from different sources. 
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4.5.3 Characterization of ZnO-coated on the Stainless Steel Discs by XRD and SEM 
 
Figure 83: XRD pattern of ZnO. 
Figure 83 shows the characteristic XRD pattern of ZnO. The characteristic diffraction peaks are observed at 2θ 
values of 32°, 37°, 44° and 48°. This pattern is used as a reference to evaluate ZnO from different sources, after 
spray-coating onto the disc. The following figures show the XRD patterns and intensities of the characteristic 
peaks, coated of each respective ZnO on the disc before and after use. However, we could not collect the XRD 
pattern of ZnO binder, because it was directly infiltrated into the membrane. 
 
 
Figure 84: XRD patterns of ZnO Merck coated on the disc before and after use in the catalytic test. 
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Figure 85: XRD patterns of ZnO AC 45 coated on the disc before and after usage. 
The intensity of the reflections of ZnO AC 45 are similar after the reaction, while it is less for ZnO Merck layer. 
The reason might be the mechanical effects such as heat treatment and stirring, the ZnO particles can leach to the 
medium. Subsequently, ZnO AC 45 is highly promising for the long-term processes and the recycling experiments 
due to its durability. 
The following SEM image shows the characteristic of the stainless steel disc surface after coating with ZnO from 
Merck and ZnO AC 45 as well as ZnO binder. Accordingly, the surface of the ZnO from Merck coated disc 
possesses a homogenic structure, while there are some large gaps detected on the surfaces of the ZnO AC 45 and 
ZnO binder coated discs. Besides, the particle size of ZnO AC45 is about 15 µm, while it is around 1 µm for ZnO 
Merck and around 50 nm for pure ZnO binder. 
 
 
Figure 86: SEM images of ZnO: (A) ZnO from Merck; (B) ZnO AC 45 and (C) ZnO Binder coated onto a 
stainless steel discs (B and C provided by M.Sc. Benjamin Reif). 
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4.5.4 Glucose Isomerization by ZnO 
The amounts of deposited catalyst after spray coating on the stainless steel disc were measured. While 5.3 mg of 
ZnO from Merck were deposited, 9.0 mg of ZnO AC 45 were deposited onto the stainless steel discs. 
In order to determine the activity of the ZnO catalysts employed in this study, 1 ml of slurry from the reaction 
medium was taken every hour up to five hours and the last sample was obtained after 24 hours. In Figure 87, the 
conversion of glucose as a function of time is depicted. The reaction basically stops at 1 hour, only small increase 
thereafter. Although the deposited amounts of the catalysts are different, we obtained more or less the same yield 
for ZnO from Merck and ZnO AC 45. The conversion is 2.5 % for ZnO from Merck while it is 2.8 % for ZnO AC 
45. These results confirm that not only the amount of catalyst but also the exposure of the catalytic surface area to 
substrate is very influential for a reaction yield. 
 
 
Figure 87: Activity of ZnO catalysts during glucose isomerization. 
The aim of the blank test is to prove that no isomerization of glucose to fructose occurs in the absence of the 
catalyst. The same amount of glucose and fructose (200 mg) were mixed in 20 ml of dH2O and incubated at 90 
°C. In the first 4 hours, 200 µl of sample was collected from the solution for each temperature up until 110 °C. 
Finally, the last sample was taken at a temperature of 120 °C after 24 hours.  In Table 20, there is a large difference 
between the first and last sample due to evaporation of water while the ratio of glucose to fructose is almost the 
same. However, the ratio of glucose to fructose seems 1.5 % increased at the last sample. But it has to be considered 
that the dilution coefficient is almost two times higher at the last sample. The difference might be caused by this 
reason. Additionally, the reaction temperature was increased until 100 °C, not higher than it in our set-up. 
Consequently, this confirms that there is no isomerization in the absence of ZnO.   
Table 20: Blank test for glucose isomerization to fructose. 
Hours / h   0 1  2   3   4  24 
Temperature / °C 25 25 90 100 110 120 
Glucose / (mg/ml) 10 
9.5 8.7 9.4 9.7 15.9 
Fructose / (mg/ml) 10 
8.9 8.1 8.7 9.0 14.6 
Glucose / Fructose  1.00 1.07 1.07 1.08 1.08 1.09 
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In a second blank run, the pure membranes were tested in a stirred reactor filled with 50 ml of starch (c = 10 
mg/ml) to check if there is any activity for the production of glucose in the absence of enzyme and ZnO catalyst 
at room temperature and 100 °C, respectively. No activity is detected to produce glucose or fructose from starch 
after 24 hours at RT and 100 °C.  
4.5.5 Cascade Reaction: Hydrolysis of Starch and Isomerization of Glucose 
The purpose of the cascade reaction was to hydrolyze the starch to glucose units by HT α-amylase, immobilized 
on the disc by cross-linking. Isomerization of glucose derived from starch hydrolysis to fructose as a final product 
was catalyzed by ZnO coated on the disc. Two different set-ups were used. In the first experiment, HT α-amylase 
immobilized on a disc and ZnO from Merck coated onto a second disc were fixed to the batch reactor contains 250 
ml of a starch slurry (c = 10 mg/ml). In the second experiment, HT α-amylase immobilized on the disc and ZnO 
AC 45 coated onto a second disc were employed under the same reaction conditions.  
For comparison, an equal amount of native HT α-amylase was also employed under the same reaction conditions. 
As expected, the native HT α-amylase is able to convert more starch into glucose than the immobilized 
correspondent. The amount of glucose formed increases with reaction time (Figure 88).   
 
 
Figure 88: Amount of glucose in comparison. (Reaction conditions: 250 ml of starch solution (c = 10 
mg/ml), 125 µl of enzyme stock solution, TR = 100 °C, tR = 24 h ) 
Compared to the native enzyme, the yield of glucose is 81 % over the first set-up (including ZnO Merck coated 
disc) while it is 55 % over the second set-up (including ZnO AC 45 coated disc) without any leaching of enzyme. 
The difference between the two set-ups might be caused by the implementation of the immobilization step. 
However, it was proved that under these immobilization conditions, 81 % of the glucose yield compared to the 
free enzyme are achieved. Additionally, no leaching occurs.  
In the first set-up, the yield of fructose amounts to 11 %, while it is 16 % for the second set-up after 24 hours 
(Figure 89 and Figure 90). 
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Figure 89: Yield of fructose in the isomerization of glucose to fructose over ZnO from Merck. (Reaction 
conditions: 250 ml of starch solution (c = 10 mg/ml), 125 µl of enzyme stock solution, TR = 100 °C, tR = 24 h ) 
 
     
Figure 90: Yield of fructose in the isomerization of glucose to fructose over ZnO AC 45. (Reaction 
conditions: 250 ml of starch solution (c = 10 mg/ml), 125 µl of enzyme stock solution, TR = 100 °C, tR = 24 h) 
In both set-ups, the amount of the formed fructose was the same despite of the different glucose amount. However, 
there might be little increase occured between 7.9 mg and 15.8 mg, which cannot be detectable by HPLC. This 
results demostrate that more than suffient amount of glucose were exist in both set-ups. In this batch system, it 
was proved that ZnO is very efficient to catalyze the isomerization of glucose. This is very significant result. 
Although there is well know that ZnO is able to catalyze the isomerization of glucose to fructose [210], there is no 
direct usage of ZnO for this aim in the literature. Additionally, 16 % of conversion is very promising as an initial 
set-up. The yield of fructose can be increased by scaling up of the ZnO coated disc in the reactor. 
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4.6 ISOMERIZATION OF GLUCOSE TO FRUCTOSE OVER MFI AND BEA-
BASED CATALYSTS COATED ON STAINLESS STEEL DISC 
The aim was the determination of the activity of given MFI and BEA-based catalysts coated on the stainless steel 
disc in the isomerization of glucose to fructose. The drop coating method was employed for covering the discs 
with the catalysts. Besides, two types of stainless steel discs were used as support for coating; pure stainless steel 
disc and TiO2-coated on stainless steel disc. 2 ml of glucose (c = 5 mg/ml) were mixed with the related catalyst at 
the same amount of the deal with the loading amount of the corresponding catalyst coated on the disc. The reaction 
was conducted at 90 °C while stirring (600 rpm). The results of catalytic test are summarized in Table 21. 
 
Table 21: Classification of the catalysts according to their activities in the isomerization of glucose. 
Catalysts Amount of 
Catalyst / g 
Optimum 
Temperature / °C 
Amount of 
Glucose / g 
Amount of 
Fructose / g 
Conversion X / 
% 
Ti-MFI 0.005 90 0.01 0.002 23.4 
Sn-MFI 0.003 90 0.01 0.002 17.7 
Ti-MFI-NS 0.005 90 0.01 0.001 9.1 
Sn-MFI-NS 0.003 90 0.01 0.001 9.9 
Ga-MFI 0.004 70, 80, 90 (Equal) 0.01 0.0002 2.3 
Ga-MFI-NS 0.005 70, 80, 90 
(Equal) 
0.01 0.0002 2.3 
H-BEA 0.003 60 0.01 0.0003 2.8 
Fe-BEA 0.006 80, 90 (Equal) 0.01 0.0002 1.7 
MFI-NS 0.005 90 0.01 0.0003 2.8 
 
The highest yields are obtained for Ti-MFI, Sn-MFI, Sn-MFI-NS and Ti-MFI-NS, respectively. A conversion of 
Ti-MFI exhibits 22.8 %, while X is 19.9 % for Sn-MFI, 13.7 % for Sn-MFI-NS and 11.96 % for Ti-MFI-NS 
(Figure 91). Thus, Ti-MFI is more active than Sn-MFI in the isomerization of glucose to fructose.   
ZSM-5 zeolite has a medium pore size of 5.1 - 5.6 Å [ref.: http://www.iza-structure.org], while the molecular 
dimension of glucose is 8.6Å - 8.4Å [ref.: https://bionumbers.hms.harvard.edu]. Thus, glucose monomers cannot 
access the internal acid sites of the MFI structure. Thus, the external acidic regions on the outer surface of MFI 
play an essential role in the isomerization. Electronegativity of Sn (1.78) is higher than that of Ti (1.63). 
Consequently, the activity of Sn-MFI had been expected more than the activity of Ti-MFI. However, as we 
described above, the most important property is the encountering of the substrate and the active site in the reaction. 
It seems that the access of substrates with the acid sites was achieved in the use of Ti-MFI better than the others.  
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Figure 91: Yield of fructose over Sn-MFI-NS, Sn-MFI, Ti-MFI-NS and Ti-MFI. (Reaction conditions: 5 
mg of catalyst and 2 ml of glucose (c = 5 mg/ml), TR = 90 °C). 
 
4.6.1 Characterizations of the Coated Zeolite Layer 
4.6.1.1 X-Ray Diffraction  
The characteristic diffraction peaks are in the range of 2θ values of 7 – 9° and 23 – 25°. This pattern was used as 
a reference to evaluate the heteroatom-containing MFI and MFI-NS zeolites after drop coating on the stainless 
steel discs. 
In the following Figures, the XRD patterns of each respective catalyst coated on the TiO2 coated disc before and 
after the catalytic test were depicted. 
 
 
Figure 92: XRD patterns of Ti-MFI coated on the membrane before and after the reaction. 
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Figure 93: XRD patterns of Ti-MFI-NS coated on the membrane before and after the reaction. 
 
Figure 94: XRD patterns of Sn-MFI coated on the membrane before and after the reaction. 
 
Figure 95: XRD patterns of Sn-MFI-NS coated on the membrane before and after the reaction. 
After reaction, the intensities of the peaks at 7 – 9° and 23 – 25° are decreased for both Ti-MFI and Ti-MFI-NS 
coated discs for all samples. The reason might be the interaction of Sn with TiO2 covered surface more than the 
one with Ti and TiO2 covered surface due to the electronegativity. MFI coating needs to be stable during the 
reaction and also for the recycling experiments. 
The XRD patterns of the MFI and MFI-NS catalysts coated on the stainless steel discs without TiO2 before and 
after the reaction are shown in Figures 96 to 99. 
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Figure 96: XRD patterns of Sn-MFI-NS coated on the membrane before and after the reaction. 
 
Figure 97: XRD patterns of Sn-MFI coated on the membrane before and after the reaction. 
 
Figure 98: XRD patterns of Ti-MFI-NS coated on the membrane before and after the reaction. 
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Figure 99: XRD patterns of Ti-MFI coated on the membrane before and after the reaction 
After the reaction, the intensities of the characteristic peaks for MFI were dramatically decreased for all samples. 
As seen, the drop coating method was not suitable only for catalytic test but also for the recycling experiments. 
Therefore, the coated discs were closed with non-coated discs by using silicone to prevent the leaching of the 
catalysts. Besides, we preferred in situ crystallization technique for coating process in the further experiment 
described in chapter 4.7. 
4.6.2.2 Scanning Electron Microscopy 
The following SEM images were obtained after drop-coating of each respective catalyst on the stainless steel discs. 
The images are characteristic for MFI nanosheets (Figure 100, A and C). However, the images in Figure 100, B 
and D seem unusual for MFI structure. 
 
Figure 100: SEM images of MFI zeolites coated on the discs: (A) Sn-MFI-NS, (B) Sn-MFI, (C) Ti-MFI-
NS and (D) Ti-MFI. 
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As seen in Figure 100, the morphology of Sn-MFI-NS, Sn-MFI, Ti-MFI-NS seems rounder and more compact 
than that of Ti-MFI which exhibits a kind of paralel sheets structure. This structure might increase the exposure of 
the active sites to the substrate. Correspondingly, the activity of Ti-MFI is higher than those of the other catalysts. 
4.6.2 Activity Tests of MFI-type Catalysts-coated Discs in the Isomerization of Glucose 
to Fructose 
Two types of membrane were used as a support for drop coating of the selected MFI-type catalysts so called Sn-
MFI, Ti-MFI, Sn-MFI-NS, Ti-MFI-NS; TiO2 coated stainless steel disc and pure stainless steel disc (without TiO2). 
After drop coating and subsequent calcination, these membranes were used as catalyst for the isomerization of 
glucose to fructose. The amount of catalyst deposited on the both types of membrane are shown in Table 22. 
 
Table 22: Deposited amounts of the catalysts and the amount of the used substrate. 
Catalyst 
Name 
Stainless Steel Disc with TiO2 Stainless Steel Disc without TiO2 
Amount deposited / mg Glucose / mg Amount deposited / mg Glucose / mg 
Ti-MFI 5 250 
 
5.2 
75 
Ti-MFI-NS 5 250 
 
1.6 
80 
Sn-MFI 5.9 295 
 
7.1 
260 
Sn-MFI-NS 3.4 170 1.5 
355 
 
 
The coated discs were fixed to the batch reactor filled with 50 ml of glucose solution with a concentration related 
to the amounts of catalysts deposited (Table 22). The reaction was conducted at 90 °C and 600 rpm for 24 hours. 
In order to check whether any activity of the non-coated discs (with and without TiO2), the same reaction was 
repeated with pure discs as a blank test. The results are discussed in the following chapters.   
4.6.2.1 Stainless Steel Discs with TiO2 as Support 
The isomerization occurred at 90 °C under stirring and the samples were analyzed by HPLC. The fructose yields 
obtained over different catalysts are depicted in Figure 101. The results were somewhat lower than the expected 
and are below 3 % after 24 hours. 
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Figure 101: Yield of fructose over the Sn-MFI, Ti-MFI, Sn-MFI-NS, Ti-MFI-NS coated on the disc with 
TiO2 (TR = 90 °C, tR = 24 h). 
The reason might be simultaneously the dehydration of fructose into HMF as an undesired side reaction over TiO2 
catalyst layer [232]. In comparison, the isomerization by the catalysts coated on the stainless steel discs without 
TiO2 were also observed. 
4.6.2.2 Stainless Steel Discs without TiO2 as Support 
Here too, the isomerization occurred at 90 °C under stirring and the samples were analyzed by HPLC. In this case, 
a higher yield was obtained by using the stainless steel discs without TiO2 layer as a support for each catalyst 
(Figure 102). It has been shown that the catalysts exhibit an approximately 2.5 times higher activity in the 
isomerization of glucose when the stainless steel disc without TiO2 were used. 
 
Figure 102: Yield of fructose over Sn-MFI, Ti-MFI, Sn-MFI-NS and Ti-MFI-NS coated on the discs 
without TiO2 (TR = 90 °C, tR = 24 h). 
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To compare the activity of each catalyst in the powder form and the coated form, the catalysts without membrane 
were tested using the same amount of active component in the isomerization of glucose to fructose under the same 
conditions (chapter 4.6.2). 
 
Figure 103: Comparison of powder catalyst with the coated membrane (TR = 90 °C, tR = 24 h). 
In Figure 103, Ti-MFI and Ti-MFI-NS showed a fructose yield of 80 % of the parent powder, whereas a similar 
yield of fructose was observed for the membrane as compared to the powder form for Sn-MFI-NS. In contrast, Sn-
MFI coated on the disc showed higher activity in comparison with the parent powder. This inconsistency shows 
us the activity of the catalysts are not directly affected via their coating on a surface. 
ZSM-5 zeolite has 3D channels defined by 10-membered rings with a medium pore size (5.1 - 5.6 Å). Due to the 
narrow pore sizes, it has been reported in the literature that the catalyst is not active or negligibly active on the 
isomerization of glucose to fructose [233]. However, the physicochemical properties of ZSM-5 zeolite is affected 
by chemical contexture of the reagents, alkalinity, template, temperature, time of crystallization, water contents 
and some other factors such as ageing and stirring. Besides, crystal size is taken form by the processes of ageing, 
stirring and temperature. The morphology, crystal size distribution and Si/Al in the zeolite framework can be 
impressed by diverse variables such as initial chemical composition, the sources of silicon and aluminum, the 
alkalinity, the presence of seeds, the OH/SiO2 molar ratio and dynamic of the system [234]. In addition to this, 
heteroatom containing zeolites might have an extra-framework contains heteroatom-sites. For instance, extra-
framework tin sites are known as an active catalyst to isomerize glucose to fructose in water and methanol solution 
via base-catalyzed proton-transfer instead of Lewis acid-mediated intramolecular hybrid shift [235]. According to 
our results, Sn MFI and Ti-MFI are comparably active with respect to the nanosheets structures in the 
isomerization. These might be occurred by one of the reasons which described above. To ensure about that, several 
controlled experiments should be repeated. However, the most remarkable result is the detection of the activity of 
Ti-MFI in the isomerization of glucose much more than that of Sn-MFI, which is not published before in the 
literature. Therefore, we focused on this discovery and improved the coating process and the reaction conditions 
described in the next chapter. 
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4.7 ISOMERIZATION OF GLUCOSE AND GALACTOSE OVER TI-MFI 
COATED ON STAINLESS STEEL DISC 
The isomerization of glucose and galactose to fructose and tagatose, respectively, catalyzed by Ti-MFI coated on 
the stainless steel disc was studied. We demonstrated that Ti-MFI powder and the Ti-MFI coated on the disc are 
capable to isomerize glucose to fructose. However, drop coating was found to be a non-efficient method for 
catalytic reaction of Ti-MFI coated on the discs. Therefore, in situ crystallization of Ti-MFI on the stainless steel 
disc was employed as the coating method in this process. Besides, the activity of Ti-MFI in the isomerization of 
galactose to tagatose was also demonstrated. 
4.7.1 Characterization of Ti-MFI Coated on the Stainless Steel Discs  
4.7.1.1 X-Ray Diffraction 
In order to show the characteristic peaks of MFI zeolite which are reflections at 2θ values of 7.94° and 23.16°, the 
reference diagram from Database of Zeolite Structures was used. 
 
Figure 104: XRD patterns of a) the excess Ti-MFI powder, b) the single Ti-MFI-coated on the disc. 
In Figure 104, the XRD patterns of Ti-MFI power and Ti-MFI coated onto the disc are compared. Both 
diffractograms show the characteristic reflections of the MFI topology.  
4.7.1.2 Scanning Electron Microscopy 
The scanning electron microscopy (SEM) pictures of excess Ti-MFI powder and Ti-MFI coated on the stainless 
steel disc are shown in Figure 105. 
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Figure 105: SEM images a) the excess Ti-MFI powder b) Ti-MFI coated onto the stainless steel 
membrane. 
In comparison, the similar crystal structure of Ti-MFI with that of chapter 4.6 was assessed on the disc. Here too, 
an unusual MFI structure with the parallel sheets was observed. Following the calcination, the coated discs were 
ready to use in the isomerization reactions. 
4.7.2 Isomerization of Glucose to Fructose over Ti-MFI Powder 
At first, the influence of thee reaction temperature in the isomerization of glucose to fructose by excess Ti-MFI 
powder as catalyst was tested. The reaction was tested at 4 different temperatures (60, 70, 80, 90 °C). The highest 
yield of 28.4 % was obtained at 90 °C.  
Table 23: Effects of the different temperature to the isomerization of glucose to fructose by Ti-MFI 
(reaction conditions: mglucose = 10 mg, mTi-MFI = 5 mg, solvent = 2 ml of water, tR = 24 hours) 
Temperature / °C Amount of Glucose 
/ mg 
Amount of Fructose / 
mg 
Fructose Yield / % 
60 6.91 1.71 19.8 
70 6.44 2.05 24.2 
80 6.38 2.05 24.3 
90 5.90 2.34 28.4 
 
The effect of catalyst amount on the reaction was tested at a reaction temperature of 90 ° C. with increasing amount 
of catalyst, the yield of fructose increases from 4.1 % to 5.2 %. However, the activity is not dramatically increasing 
by the Ti-MFI amount. The isomerization is reversible reaction. Besides, there might be production of some side 
products such as sorbitol, mannitol by hydrogenolysis or glyceraldehyde, dihydroxyacetone by retro-aldol reaction 
etc. Therefore, the yield slightly increased as the increase of the catalyst amount. 
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Table 24: Effects of the catalyst amount to the isomerization of glucose to fructose by Ti-MFI (reaction 
conditions: mglucose = 20 mg, solvent = 2 ml of water, tR = 24 hours). 
Ti-MFI / mg Amount of Glucose / 
mg 
Amount of Fructose / 
mg 
Fructose Yield / % 
5 13.9 4.1 23 
10 12.9 4.7 27 
15 12.1 4.9 29 
20 11.2 5.1 32 
50 9.6 5.2 35 
4.7.3 Isomerization of Glucose to Fructose over Ti-MFI Coated on the Stainless Steel 
Disc 
In order to reuse Ti-MFI, its coating on a support is the most useful method. Therefore, the catalyst was synthesized 
on the stainless steel disc by in situ crystallization technique. For comparison, the isomerization of glucose to 
fructose was also carried out by a Ti-MFI coated-disc at 90 °C. After calcination, the deposited amount was found 
to be 4.9 mg. For the catalytic test, 25 ml of 10 mg/ml glucose was prepared as substrate solution. The coated disc 
was placed in the reactor in an oil-bath at 90 °C, 600 rpm. Every hour, 1 ml of sample was collected for 5 hours 
and final sample was collected after 24 hours.  
 
Table 25: Glucose isomerization to fructose by Ti-MFI coated on stainless steel disc (reaction conditions: 
mglucose = 250 mg, solvent = 25 ml of water, tR = 24 hours). 
Time / h Volume of Measured 
Sample / ml 
Amount of Glucose / 
mg 
Amount of Fructose / 
mg 
Yield / % 
1 1 6.4 0.4 6 
2 1 11.1 0.6 5 
3 1 13.8 0.8 6 
4 1 12.6 0.8 6 
5 1 16.1 1.4 8 
24 Ca. 20 128.7 24.2 16 
 
Due to the evaporation of water, the concentration of glucose increases as a function of time. The yield is constant 
for the first 5 hours and increases slightly thereafter before reaching 16 % after 24 hours. As expected, the yield 
of fructose is slightly less than that of the powder catalyst since the mobility of the catalyst increases the reaction 
kinetics. 
4.7.4 Isomerization of Galactose to Tagatose over Ti-MFI 
The isomerization of galactose to tagatose was studied over Ti-MFI powder (Figure 106). The highest tagatose 
yield of 35 % was formed at 90 ° C. 
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Figure 106: Isomerization of galactose to tagatose. 
Table 26: Conversion of galactose to tagatose (reaction conditions: mgalactose = 10 mg, mTi-MFI = 5 mg, solvent = 
2 ml of water, tR = 24 hours). 
Temperature / °C mGalactose / mg mTagatose / mg Tagatose Yield / % 
60 4.5 0.9 17 
70 4.5 1.3 22 
80 3.2 1.7 34 
90 3.9 2.1 35 
 
4.7.4.1 Effect of Ti-MFI Amount on the Isomerization of Galactose to Tagatose  
In order to evaluate the effect of the catalyst amount on the tagatose yield, the different amounts of Ti-MFI were 
added to the reaction mixture at 90 °C. with increasing amount of catalyst, the yield of tagatose increases up to 48 
% for 50 mg of Ti-MFI. This is very significant amount of conversion since almost half of galactose was converted 
to tagatose since there is no publication in the literature about the isomerization of galactose by Ti-MFI. 
 
Table 27: Effects of the catalyst amount to the isomerization of galactose to tagatose by Ti-MFI (reaction 
conditions: mgalactose = 20 mg, solvent = 2 ml of water, tR = 24 hours). 
mTi-MFI / mg mGalactose/ mg mTagatose / mg Tagatose Yield / % 
5 5.2 1.4 22 
10 4.5 1.5 25 
15 3.9 1.8 31 
20 3.2 2.1 40 
50 3.9 3.5 48 
 
4.7.4.2 Isomerization of Galactose to Tagatose over Ti-MFI Coated on the Stainless Steel 
Disc 
Ti-MFI coated on the disc was used for the isomerization of galactose to tagatose. With increasing reaction time, 
the tagatose yield increases up to 21 % after 24 hours. It is a novel discovery that Ti-MFI is able to catalyze the 
isomerization of galactose to tagatose with a high yield. 
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Table 28: Galactose isomerization to tagatose by Ti-MFI coated on the disc (reaction conditions: mgalactose 
= 250 mg, solvent = 25 ml of water, tR = 24 hours). 
Time / h Volume of Measured 
Sample / ml 
Amount of Galactose / 
mg 
Amount of Tagatose / 
mg 
Yield / % 
1 1 7.1 0.6 8 
2 1 7.7 1.2 13 
3 1 7.1 1.2 14 
4 1 7.7 1.8 19 
5 1 11.6 3.5 23 
24 Ca. 20 90.3 23.6 21 
4.7.5 Competitive Isomerization of Glucose and Galactose over Ti-MFI Coated on the 
Stainless Steel Disc 
In order to analyze the competitive isomerization between glucose and galactose by Ti-MFI coated on the disc, 
250 mg of glucose and galactose were mixed in 25 ml of dH2O. Here too, 1 ml of sample was collected at the end 
of each hour. After collecting the five samples, the final product was taken after 24 hours. The final yields of 
fructose and tagatose are 16.4 % and 20.7 %, respectively.  
Table 29: The competitive isomerization of glucose and galactose catalyzed by Ti-MFI coated on the disc. 
Time / h Volume of 
Measured 
Sample / ml 
Amount of 
Glucose / 
mg 
Amount of 
Fructose / 
mg 
Yield of 
Fructose / 
% 
Amount of 
Galactose 
/ mg 
Amount of 
Tagatose / 
mg 
Yield of 
Tagatose / 
% 
1 1 4.1 1.0 20 4.5 0.6 12 
2 1 6.1 1.6 21 6.8 1.2 15 
3 1 5.6 1.4 20 6.1 1.2 16 
4 1 5.6 1.6 21 6.1 1.2 16 
5 1 5.3 1.4 21 5.8 1.2 17 
24 Ca. 20 163.8 32.2 17 180.6 47.1 20 
 
After collecting five samples (1 ml), the final product, which is the rest of the reaction medium (15 ml), was taken 
after 24 hours. The samples were dried at 100 °C and dissolved in 1.5 ml of D2O, whereas the sample which was 
taken at 24 hours was diluted in 20 ml of D2O. Finally, the samples were analyzed by 1H-NMR spectroscopy. The 
comparison of the conversion values was depicted in Figure 107. According to these results, there is very little 
competition occurred between glucose and galactose. The yield of fructose was determined as 16 % when only 
glucose was used as substrate catalyzed by Ti-MFI coated disc while it is 17 % in the competitive isomerization 
set-up. Additionally, the yield of tagatose was 21 % when only galactose was employed as substrate by Ti-MFI 
coated disc while it is 20 %, here. The yield of fructose was increased at 1 % while the yield of tagatose was 
decreased 1 %. Another attractive results that 82 % of the activity of Ti-MFI in the isomerization of glucose was 
saved after coating while it is 63 % saved in the isomerization of galactose. In comparison of the isomerization of 
glucose and the isomerization of galactose, there might be site reactions in the fructose production since the yield 
was increased first then decreased at the end. Several possible site products occur such as sorbitol, mannitol, 
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glyceraldehyde, dihydroxyacetone, etc. Therefore, these products should be also tested in the further experiments. 
Consequently, it is very novel discovery that Ti-MFI is very effective in the carbohydrate process.  
 
 
Figure 107: Competitive isomerization of glucose and galactose (reaction condistions: mglucose and mgalactose 
= 250 mg, solvent = 25 ml of dH2O, temperature = 90 °C, tR = 24 hours). 
 
4.8 OXIDATION OF BETA-GLUCOSE TO D-GLUCONO-Δ-LACTONE BY 
GLUCOSE OXIDASE IMMOBILIZED ON STAINLESS STEEL DISC 
In this project, the aim was the conversion of β-glucose into D-glucono-1,5-lactone and H2O2 by using glucose 
oxidase immobilized on the stainless-steel disc (Figure 108). The enzyme loaded disc was put into 50 ml of β-
glucose solution (c = 10 mg/ml). The samples were analyzed by 1H-NMR. 
 
Figure 108: An overview of the reaction set-up: 
Orange = glucose oxidase; Yellow lines = cross-linked aggregates; Red = ß-glucose; Purple = ß-amylase; Blue = 
D-glucono-1,5-lactone; Black = H2O2 
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4.8.1 Activity of Glucose Oxidase (GO) at Different Temperatures 
Figure 109 displays the pH-value of the reaction medium at various temperatures and different reaction times. The 
pH values of stock solutions at 900 s were taken and H2O2 wt-% were calculated using the calibration graph (Figure 
110).  
 
Figure 109: pH value of the reaction solution at different temperatures. 
 
 
Figure 110: Quantity of H2O2 formed at different temperatures. 
 
Figure 110 displays amount of H2O2 formed at the temperatures of 50, 55, 60, 65 °C, consequently the highest 
activity was detected at 55 °C. Thus, the following test reactions were carried out at this temperature. 
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4.8.2 Activity Test 
 
 
Figure 111: NMR pattern of D-1,5-glucono-lactone (GL) after 24 h of a reaction and subsequent evaluation 
of the solvent (signals at chemical shifts δ=3.96 and 3.86 ppm belongs to the product). 
The NMR pattern of D-glucono-1,5-lactone (GL) after a reaction time of 24 hours was illustrated in Figure 111. 
Initially, the used D2O solution was adjusted to pH = 11. However, the signal intensity is too small to determine 
the amount of product formed precisely. Furthermore, in due course of the reaction, evaporation of the solvent 
(H2O) occurred and caused a volume depletion of 10 ml. However, in order to follow the reaction, 0.3 ml of this 
solution was collected and 1 ml of D2O was mixed and, finally measured with the aid of the inlet (Acetone: Acetone 
d6 [1:25]) by 1H-NMR. Thus, the vaporization was continued until reaching final volume of 20 ml to obtain a better 
signal to ratio to identify the characteristic peaks of the product, which appear at chemical shifts of δ = 3.96 and 
3.86 ppm. The same amount of test solution (0.3 ml) was taken and 1 ml of D2O was added here too for the 
measurement. After completely evaporation of H2O at 100 °C, the remaining D-glucono-1,5-lactone was dissolved 
in 2 ml of D2O, in order to obtain a well resolved spectrum. However, the enzymes were denatured with this 
process because of the high temperature. So, the sample, which was collected at 24th hour without any heat 
treatment was used for assessment of leaching. 
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Figure 112 displays the result derived from the activity test after 24 hours in comparison to the reference 1H-NMR 
spectrum of D-glucono-1,5-lactone. It is pretty obvious that both marked peaks in the first spectrum are specific 
for the desired product. This means that the oxidation of glucose was catalyzed by the immobilized glucose oxidase 
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on the disc. Additionally, it has to be declared, that peak of D-glucono-1,5-lactone shows up between the peaks of 
D2O and Acetone, which are shown in the further spectra. However, at δ < 3.80 ppm, there is a partially overlap 
between the product and glucose. Therefore, we used the two clear-tagged signals at δ = 3.96 and δ = 3.86 ppm to 
quantify the product yield.  
 
Figure 113: 1H-NMR spectra of the test solutions with tagged peaks of the produced D-glucono-1,5-
lactone. 
In order to compute the yield of the desired product, D-glucono-1,5-lactone in 50 ml of reaction solution, two test 
solutions of 20 and 2 ml were measured by 1H-NMR as shown in Figure 113. Both graphs depict the characteristic 
peaks for D-glucono-1,5-lactone which are tagged in red (peak 1; δ = 3.96 ppm) and blue (peak 2; δ = 3.86 ppm). 
Basically, both peaks exhibit the same area. Accordingly, the second spectrum, “GL in 2 ml of D2O” was taken 
into account to calculate the yield of the product due to its smooth background. 
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The integration in Figure 114 was used for the calculation of the quantity of D-glucono-1,5-lactone in the 20 ml 
of the reaction medium and 2 ml of D2O solution. The product peak in 40 ml of the reaction medium was hard to 
detect (Figure 111) due to the background noise. Thus, we had to evaporate the reaction medium to increase the 
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intensity of the product peak. It was evaporated until reaching 20 ml of the volume. Finally, the intensities of the 
peaks of GL were increased and the area of these peaks were used to calculate the yield of product. The initial 
amount of β-glucose was 2.36 mmol while the product yield was 0.26 mmol. Therefore, the yield of D-glucono-
1,5-lactone from the substrate β-glucose amounts to 11 %. Most probably, the formed GL was higher than this 
yield since the values are affected by the diffusion coefficient (1:2). It is clearly seen when we compare the product 
yield in 20 ml and the one in 2 ml (Table 30). Therefore, in order to compare precisely the yield of the product 
formed over the immobilized GO with that over the native GO which is the same amount with the immobilized 
correspondent, the same evaporation process was used for both. For this aim, the formed GL over the native GO 
was completely dried at 100 °C and resolved in 2 ml of D2O as we carried out for the activity test. Figure 115 
shows the NMR spectrum after the reaction catalyzed over the free enzyme. Besides, the results were also depicted 
in Table 30. Consequently, the activity of the immobilized enzyme corresponds to 50 % of the native enzyme.  
 
Table 30: Overview of the results. 
D-glucono-1,5-lactone (GL) 
Area of Peak 1 + 2 
(arbitrary units) 
Area of acetone 
(arbitrary units) 
Amount of 
GL /mmol 
in 20 ml of the reaction medium formed by 
immobilized GO 
0.04 1 
0.26 
in 2 ml D2O formed by immobilized GO 0.28 1 0.046 
in 2 ml of D2O formed by native GO 0.56 1 0.092 
 
 
131 
 
 
F
ig
u
re
 1
1
5
: 
1
H
-N
M
R
 s
p
ec
tr
u
m
 o
f 
th
e 
re
a
ct
io
n
 s
o
lu
ti
o
n
 u
si
n
g
 t
h
e 
fr
ee
 e
n
zy
m
e 
a
s 
ca
ta
ly
st
. 
 
 
 
132 
 
4.8.3 Leaching Test 
 
 
Figure 116: Leaching of glucose oxidase studied by 1H-NMR 
Figure 116 shows the 1H-NMR spectra of assessment of the enzyme leaching. 1H-NMR can detect the glucose 
oxidase separately at a chemical shift of 3.52 ppm. Thus, a second test was not carried out to confirm if any enzyme 
has leached or not. The first spectrum shows characteristic peaks of the substrate β-glucose between δ = 3.55 and 
3.50 ppm. The second spectrum indicates the NMR pattern of the sample, which was obtained after 24 hours by 
the activity test aforementioned. According to these results, there is no detectable leached enzyme at the end of the 
reaction. This could be discerned easily by comparing both areas. If a leaching occurred, the peak at 3.52 ppm 
would have been seen in the second spectrum. Or, in the case of overlapping, the ratio of the peaks would have 
been different than the one in the first spectrum. The areas of the characteristic signals in both spectra are very 
similar representing that no enzyme has left the membrane during the reaction. 
4.9 HYDROLYSIS OF SUCROSE TO GLUCOSE AND FRUCTOSE BY 
ATTACHED, INVERTASE IMMOBILIZED ON GRADIENT NANOPOROUS 
CERAMIC DISCS 
The purpose of this study was to execute another hydrolysis reaction in which catalyzed over the invertase 
immobilized on the gradient nanoporous ceramic discs.  For this approach, 25 ml of sucrose (c = 1 mg/ml) were 
used as substrate which is hydrolyzed to glucose and fructose monomers over the enzyme loaded-attached ceramic 
discs. Primarily, 1 mg/ml of substrate and 5 mg/ml of enzyme solution were prepared. The samples were analyzed 
by UV-Vis spectrophotometry at λ = 340 nm. 
 
 
133 
 
 
Figure 117: Illustration of the catalytic set-up:  
Purple: invertase; Dark Blue: sucrose; Red: α-glucose; Pink: fructose; White lines: silicone 
 
The highest glucose yield was observed at a temperature of 55 °C as shown in Figure 118. 
 
Figure 118: Product yield as a function of temperature. 
 
In order to determine the product yield, two routes were employed. The first way is that the defined calculation 
equal (equation 11) by glucose assay kit (chapter 3.5.5.6) was used while the second one is the calibration graph 
(Figure 28) to calculate the glucose yield.  Finally, the results obtained from the two routes were compared.  
The first route: The absorbance values obtained from the activity test were converted to the glucose amount using 
equation 11. 
  Equation 11 
𝑚𝑔𝑔𝑙𝑢𝑐𝑜𝑠𝑒
𝑚𝑙
=
∆𝐴 ∙ 𝑇𝑉 ∙ 𝐹 ∙ 0.029
𝑆𝑉
 
 
  
With            Equation 12 
∆𝐴 = 𝐴𝑇𝑒𝑠𝑡 − 𝐴𝑇𝑜𝑡𝑎𝑙 𝐵𝑙𝑎𝑛𝑘  
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TV corresponds to the total assay volume, while SV is the sample volume and factor F describes the dilution factor 
from sample preparation. The coefficients values are listed in Table 31.  
Table 31: Variables used in equation 11 
TV 2.0 ml 
F 1 
SV 0.5 ml 
In order to test how much precies values can be obtained by the equation 11, 6 different glucose concentration (0.1 
- 1.0 mg/ml) were prepared. Following the UV measurement at λ = 340 nm, it seems that the values calculated by 
equation 11 are just 8 % of the actual values. Therefore, we normalize the values according to this coefficient 
(Table 32). 
Table 32: Overview the results (msucrose = 25 mg, solvent = 25 ml of water, tR = 55 °C). 
Samples taken after  ∆A at λ = 340 nm Glucose 
Concentration / 
mg/ml 
Conversion / % 
1 h 0.0952 0.20 19 
2 h 0.1003 0.21 20 
3 h 0.1067 0.23 21 
4 h 0.1228 0.26 24 
5 h 0.1312 0.28 25 
24 h 0.4683 1.00 89 
 
The second route: As we describe above, 6 different glucose concentration (0.1 - 1.0 mg/ml) were prepared and 
analyzed by UVis spectroscopy. Finally, a glucose calibration graph was plotted (Figure 28). Here, the glucose 
yields obtained from the activity test were calculated by using this graph (Table 33). 
Table 33: Overview the results. 
Samples taken after  ∆A at λ = 340 nm Glucose 
Concentration / 
mg/ml 
Conversion / % 
1 h 0.0952 0.22 20 
2 h 0.1003 0.23 21 
3 h 0.1067 0.25 22 
4 h 0.1228 0.28 26 
5 h 0.1312 0.30 27 
24 h 0.4683 1.08 96 
 
Finally, the activity test is quite successful. The comparison of the conversion determined by the two different 
routes was depicted in Figure 119. 96 % of yield means almost all substrate was hydrolyzed to its monomers, 
glucose and fructose. As we proved here, it is always sensible to create a calibration graph as a positive control. 
Between two routes, there seems 7 % of difference in the yield of glucose. Even if we take the average value, it 
amounts 93 % of conversion which is still an overachievement.  
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Figure 119: Yield of the formed glucose as a function of time. 
4.9.1 Leaching Test  
In order to evaluate the immobilization strategy with respect to leaching, an additional experiment was built up. 
13.2 mg of invertase was immobilized on the ceramic discs via physical adsorption and the discs were attached 
each other by silicone. Here too, the reaction was followed for 24 hours and the absorbance was measured at λ = 
340 nm by the UV-Vis spectrophotometry. Initially, the spesific activity of invertase was determined as 2032 unit 
/mg. The amount of the formed glucose by the leached enzymes were calculated in two different routes described 
in chapter 4.9.2. Finally, the amount of the leached enzyme in the reaction medium was calculated using the 
spesific activity of enzyme.   
The first route:  
The data were summurized in Table 34. 
Table 34: Measured absorbance values in the leaching test. 
Samples taken 
after  
∆A at λ = 340 
nm 
Glucose 
Concentration 
/ mg/ml 
Invertase / 
Units 
Amount of 
Invertase / 
mg 
Leaching/ 
% 
1 h 0.0418 0.089 3711 1.83 13.8 
2 h 0.0428 0.091 3769 1.85 14.1 
3 h 0.0436 0.093 3808 1.87 14.2 
4 h 0.0402 0.086 3483 1.71 13.0 
5 h 0.0410 0.087 3523 1.73 13.1 
24 h 0.0338 0.072 2880 1.42 10.7 
 
The second route: 
The data were summarized in Table 35. 
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Table 35: Measured absorbance values in the leaching test. 
Samples taken 
after  
∆A at λ = 340 
nm 
Glucose 
Concentration 
/ mg/ml 
Invertase / 
Units 
Amount of 
Invertase / 
mg 
Leaching/ 
% 
1 h 0.0418 0.097 4021 1.98 15.0 
2 h 0.0428 0.099 4089 2.01 15.2 
3 h 0.0436 0.101 4132 2.03 15.4 
4 h 0.0402 0.093 3779 1.86 14.1 
5 h 0.0410 0.095 3822 1.88 14.3 
24 h 0.0338 0.078 3125 1.54 11.7 
 
In conclusion, both yields are shown in Figure 120. 
 
 
Figure 120: Actual and theoretical amount of leached enzyme as a function of time. 
As seen in Figure 120, the leaching of invertase highly prevented during the hydrolysis of sucrose. Especially in 
the first hours, few biocatalysts leached from the membrane pores and involved in the production of some glucose. 
The leaching was continued until the third hour and stopped then. Probably, the vortex might be an actuator for 
manipulating the leached enzymes via deforming mechanically by shear force or deactivating the enzyme invertase 
so that no more active enzyme leached from the membranes to react with the reagent. Consequently, the maximum 
leached enzyme amount was found as 14.2 % in the first route and 15.4 % in the second route after 3 hours. This 
means that around 85 % of invertase was kept in the ceramic discs successfully.  
The general idea was to utilize the mesoporous structures in different bio-processes. Some mesoporous materials 
were used as a host for enzyme immobilization. Their pore sizes are quite suitable for preventing leaching of 
enzymes. However, in order to obtain an optimum operational condition for a bio-catalysis, the synthesis of the 
porous structures was investigated step by step. Besides, the amounts of the enzyme and substrate, reaction 
temperature, solvent and pH were calibrated, as well. When the porous materials were also used as a catalyst in 
isomerization of sugars, the reaction conditions were optimized, too. Consequently, several inventions and novel 
strategies were achieved by the combination of the porous structures with the bio-compounds.   
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5 CONCLUSION AND OUTLOOK 
This thesis basically focused on biomass conversion by combining of biological and chemical catalysis using 
enzymes and inorganic porous materials. Enzymes play a specific key role in biocatalysis. However, chemical 
catalysts in a catalytic reaction are not as selective as enzymes. Additionally, enzymes are much more sensitive 
compared to chemical catalysts. In order to reuse enzymes, immobilization of enzymes on inorganic porous 
materials are very promising method. However, there are many types of porous material which can be employed 
for immobilization process. This means that it has to be considered well which enzyme is suitable for which porous 
support by which immobilization technique. In this broad context, activity of immobilized enzymes and chemical 
catalysts, reaction mechanisms, type of reactors, several parameters which affect the course of reactions (for 
instance: temperature, pressure, catalyst amount, etc.) and analysis techniques (such as UVis spectrophotometry, 
H-NMR, HPLC, N2 sorption, etc.) were investigated step by step. Taking our results into consideration, several 
outcomes are remarkable to be appreciated. These results have been separately discussed below. 
 
Cross-linking technique in conjunction with encapsulation was found to be very efficient immobilization system 
in enzyme activity and leaching tests. As expected, native enzyme activities were comparably higher than those of 
the cross-linked formation. However, either there was no leached enzyme to be detected or the number of leached 
enzymes was too low to be monitored. As it is seen in the conversion of β-glucose into D-glucono-1,5-lactone by 
cross-linked glucose oxidase, there was no leaching due to the cross-linking by 0.5 wt-% of glutaraldehyde while 
achieving 50 % of the activity with respect to the free enzyme. Another example is the DNS sensoring of the 
reducing sugars derived from starch hydrolysis using cross-linked α-amylases by 0.2 wt-% of glutaraldehyde 
within GMSD. Here, the volumetric activity of ca. 76 % was attained with respect to the native enzyme while ca. 
81 % of enzyme was protected from the leaching. Hence, the amount of glutaraldehyde was found to have a critical 
role between prevention of leaching and the blocking the support pores. Nevertheless, there was one challenge, 
called diffusion limitation, based on the narrow pore sizes of the support for enzyme encapsulation observed while 
using microporous BEA-coated GMSDs. Therefore, larger pore-sized materials were chosen in the subsequent 
tests such as mesoporous SiO2- and MOF-coated GMSDs and GNCDs for encapsulation.  
 
Prior to the enzymatic test, an X-ray diffraction pattern was achieved to distinguish the possible alteration of SiO2 
structure on the surface of GMSD after the enzymatic reaction. One batch of substrate solution was passed through 
the SiO2-coated layer within 25 minutes, and this process was repeated with dH2O instead of the substrate solution 
in the same period. So, the total process took for 50 minutes which cannot be assumed as a long period for the 
industrial processes. Surprisingly, it was detected that the ordered SiO2 layer was already spoiled after utilization 
in the biocatalysis. Whereas, the results are promising when using MOF-coated GMSDs. ZIF-8 structure was 
employed among other types of MOFs. In advance of ZIF-8 coating, GMSDs were functionalized via two separate 
routes: polydopamine functionalization and ZnO functionalization. Herein, the physical adsorption method was 
used to test whether only the porous structure of the attached-ZIF-8 coated GMSDs were adequate without cross-
linking to prevent the leaching. In reference to the results: the attached-ZIF-8-coated on polydopamine 
functionalized GMSDs were able to protect ca. 83 % of lipase enzyme in the pores, while using the attached-ZIF-
8-coated on ZnO functionalized GMSDs, very little amount of the enzyme (ca. 4 %) was detected in the reaction 
medium. With the reuse of both supports, it was proved that the ZIF-8 layers are still protective for the enzymes 
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since most of the enzymes were preserved (ca. 69 % and ca. 92 %, respectively). Consequently, the attached-ZnO 
functionalized discs show four times higher protection compared to the polydopamine functionalized ones. It was 
also confirmed through the second usage of both supports. In addition to that, the reaction time is more than two-
fold when the attached-ZIF-8-coated on polydopamine functionalized discs were used. It can be assessed that 
diffusion limitation is at least two times higher than that of the attached-ZIF-8-coated on ZnO functionalized 
GMSDs. In terms of the encapsulated lipase activity compared to the native lipase was found as ca. 20 % of 
conversion when using polydopamine functionalized discs. For the second type of support (the attached-ZIF-8 
coated-ZnO functionalized discs), it is ca. 13 % of conversion. It has been clearly seen that the attached-ZIF-8-
coated on ZnO functionalized GMSDs have high potential with their durable structure for protection of enzyme. 
However, in order to improve the conversion, the type of reactor and/or the measurement procedure have to be 
innovated. Additionally, gradient nanoporous ceramic discs (GNCDs) are also promising for enzyme 
encapsulation. As we observed in the hydrolysis of sucrose by invertase encapsulated-attached GNCDs, ca. 86 % 
of the enzyme amount was conserved while ca. 89 % of the enzyme activity was attained in comparison with the 
native enzyme, which are highly satisfying results. However, these membranes are fragile and delicate, thus the 
manipulation conditions become crucial. 
 
The other outstanding results, which are not present in the literature, are the discovery of the activity of some 
chemical catalysts in the isomerization of monosaccharides. First of all, Ti-MFI catalyst demonstrates 35.2 % of 
yield in glucose isomerization with 0.4 substrate/catalyst while it is 47.7 % in the galactose isomerization with 0.2 
substrate/catalyst. Besides, Sn-MFI, Sn-MFI-NS and Ti-MFI-NS were also found to be active in the isomerization 
of glucose to fructose, however relatively less than Ti-MFI. Additionally, ZnO catalyst was found to be active in 
the isomerization of glucose to fructose. Contrary to what is shown in many publications, the ZnO catalyst 
demonstrated the high-activity at 100 °C which is a relatively low temperature. In the cascade reactions, the 
fructose yield achieved was 16 % whilst the conversion by immobilized-HT-α-amylase with respect to the native 
enzyme was found out to be 54.4 %. 
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ZUSAMMENFASSUNG UND AUSBLICK 
Diese Arbeit konzentrierte sich im Wesentlichen auf die Umwandlung von Biomasse durch die Kombination von 
biologischen und chemischen Mechanismen. Ein biologischer Prozess ist eine Biokatalyse, bei der ein Enzym eine 
Schlüsselrolle spielt, während ein chemischer Prozess eine chemische Katalyse bedeutet. In diesem breiten 
Zusammenhang sind die Aktivität von immobilisierten Enzymen und chemischen Katalysatoren, 
Reaktionsmechanismen, Reaktortyp, verschiedene Parameter, die den Reaktionsverlauf beeinflussen (z.B. 
Temperatur, Druck, Katalysatormenge usw.) und Analysetechniken (wie UVis - Spektrophotometrie) , 1H-NMR, 
HPLC, N2-Sorption usw.) wurden untersucht. Unter Berücksichtigung unserer Ergebnisse sind einige Ergebnisse 
bemerkenswert genug, um gewürdigt zu werden. Diese Ergebnisse wurden im Folgenden getrennt diskutiert. 
 
Die Cross-Linking-Technik in Verbindung mit der Verkapselung, wurde als sehr effizientes Immobilisierung 
System in der Enzymaktivität und den Auslaugung Tests gefunden. Wie erwartet, waren die nativen 
Enzymaktivitäten relativ viel größer als die der vernetzten Formation. Es wird jedoch entweder kein ausgelaugtes 
Enzym nachgewiesen oder die Anzahl der ausgelaugten Enzyme war zu niedrig, um erfasst zu werden. Wie es bei 
der Umwandlung von β-Glucose in D-Glucono-1,5-lacton durch vernetzte Glucoseoxidase beobachtet wurde, gab 
es keine Auslaugung aufgrund der Vernetzung durch 0.5 Gew .-% Glutaraldehyd, während 50 % des 
Glutaraldehyds erreicht wurden mit Aktivität in Bezug auf das freie Enzym. Ein anderes Beispiel ist die DNS-
Sensorik der reduzierenden Zucker, die aus der Stärkehydrolyse unter Verwendung von vernetzten α-Amylasen 
von 0.2 Gew .-% Glutaraldehyd in GMSD stammen. Hier wurde die volumetrische Aktivität von ca. 76 % im 
Verhältnis zu dem nativen Enzym erzielt, während ca. 81 % des Enzyms vor dem Auslaugen geschützt waren. 
Daraus ergab sich, dass die Menge an Glutaraldehyd eine kritische Rolle zwischen der Verhinderung des 
Auslaugens und dem Blockieren der Trägerporen spielt. Nichtsdestoweniger gab es eine Herausforderung, die als 
Diffusionslimitierung bezeichnet wurde, basierend auf den engen Porengrößen des Trägers für die 
Enzymeinkapselung, wie sie unter Verwendung von mikroporösen BEA-beschichteten GMSDs beobachtet 
wurden. Daher wurden Materialien mit größerer Porengröße wie mesoporöse SiO2- und MOF-beschichtete 
GMSDs und GNCDs zur Verkapselung ausgewählt. 
 
Das erhaltene Ergebnis war anders als das für SiO2-beschichtete GMSD angenommene Ergebnis. Vor dem 
enzymatischen Test wurde ein Röntgenbeugungsmuster erhalten, um die mögliche Veränderung der SiO2-Struktur 
auf der Oberfläche von GMSD nach der enzymatischen Reaktion wahrzunehmen. Eine Charge der Substratlösung 
wurde innerhalb von 25 Minuten durch die SiO2-beschichtete Schicht geleitet, und dieser Prozeß wurde mit dH2O 
anstelle der Substratlösung in der gleichen Zeitspanne wiederholt. Der Gesamtprozess dauerte also 50 Minuten, 
was nicht als langer Zeitraum für die industriellen Prozesse angenommen werden kann. Überraschenderweise 
wurde festgestellt, dass eine Entfernung der geordneten SiO2-Beschichtung nach dem XRD-Muster nach der 
Verwendung des Trägers erfolgte. 
 
Dagegen sind die Ergebnisse bei Verwendung von MOF-beschichteten GMSDs vielversprechend. Die ZIF-8-
Struktur wurde unter den anderen Arten von MOFs verwendet. Vor der ZIF-8-Beschichtung wurden GMSDs auf 
zwei verschiedenen Wegen funktionalisiert; Polydopamin- und ZnO-Funktionalisierung, getrennt. Hier wurde das 
physikalische Adsorptionsverfahren verwendet, um zu testen, ob nur die poröse Struktur der anhaftenden ZIF-8-
 
 
140 
 
beschichteten GMSDs ohne Vernetzung ausreichend war, um das Auslaugen zu verhindern. In Bezug auf diese 
Ergebnisse, waren beigefügte, ZIF-8-beschichtete Polydopamin-funktionalisierte GMSDs in der Lage, etwa 83 % 
des Enzyms in den Poren zu schützen, während die anhaftenden ZIF-8-beschichteten ZnO-funktionalisierten 
GMSDs sehr wenig Enzym (ca. 4 %) enthielten, wie im Reaktionsmedium nachgewiesen. Mit der 
Wiederverwendung beider Träger wurde nachgewiesen, dass die ZIF-8-Schichten immer noch schützend für die 
Enzyme sind, da die meisten der Enzyme konserviert waren (ca. 69 % bzw. ca. 92 %). Folglich zeigen ZnO-
funktionalisierte Scheiben einen viermal höheren Schutz als die Polydopamin-funktionalisierten. Dies wurde auch 
durch die zweite Verwendung beider Unterstützungen bestätigt. Zusätzlich dazu ist die Reaktionszeit mehr als 
zweifach, wenn mit ZIF-8 beschichtete Polydopamin-funktionalisierte Scheiben verwendet wurden. Es kann 
festgestellt werden, dass die Diffusionsbegrenzung mindestens zweimal höher ist als die von ZIF-8-beschichteten, 
ZnO-funktionalisierten GMSDs. Ein Bezug auf die eingekapselte Lipase-Aktivität gegenüber dem nativen Enzym 
wurde entdeckt, 20 % Umsatz bei Verwendung von Polydopamin-funktionalisierten Scheiben. Für die zweite Art 
der Unterstützung ist es ca. 13 % der Konversion. Es wurde klargesehen, dass die anhaftenden ZIF-8-beschichteten 
ZnO-funktionalisierten GMSDs ein hohes Potential für den Schutz des Enzyms mit seiner konsistenten Struktur 
aufweisen. Um die Umwandlung zu verbessern, muss jedoch eine Neuerung hinsichtlich des Reaktortyps und / 
oder des Messverfahrens vorgenommen werden. 
 
Zusätzlich sind nanoporöse Gradienten-Keramikscheiben (GNCDs) vielversprechend für die Verkapselung von 
Enzymen. Wie wir bei der Hydrolyse von Saccharose durch Invertase-verkapselte, gebundene GNCDs 
beobachteten, wurden ca. 86 % der Enzymmenge waren konserviert, während ca. 89 % der Enzymaktivität im 
Vergleich zu der nativen erhalten wurde, was sehr befriedigende Ergebnisse sind. Diese Membranen sind jedoch 
zerbrechlich und zart, daher werden die Manipulationsbedingungen entscheidend. 
 
Die anderen herausragenden Ergebnisse, die in den Literaturen nicht verfügbar sind, bestand darin, die Aktivität 
einiger chemischer Katalysatoren bei der Isomerisierung von Monosacchariden zu entdecken. Ti-MFI-
Katalysatoren zeigen zunächst eine Ausbeute von 35.2 % der Ausbeute bei der Glucose-Isomerisierung mit 0.4 
Substraten / Katalysator, während sie bei der Galactose-Isomerisierung mit 0.2 Substrat / Katalysator 48 % beträgt. 
Außerdem wurden Sn-MFI, Sn-MFI-NS und Ti-MFI-NS auch als aktiv in der Isomerisierung von Glucose zu 
Fructose gefunden, jedoch relativ weniger als Ti-MFI. Darüber hinaus wurde ZnO-Katalysator als aktiv in der 
Isomerisierung von Glucose zu Fructose gefunden. Im Gegensatz zu den in vielen Literaturstellen angegebenen 
ZnO-Katalysatoren zeigt die hohe Aktivität bei 100 °C eine relativ niedrige Temperatur. In den 
Kaskadenreaktionen wurde die Fructoseausbeute mit 16 % erreicht, während die 54 % ige Umwandlung durch 
immobilisierte HT-α-Amylase in Bezug auf das native Enzym erreicht wurde. 
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